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ABSTRACT
In this study, 8 male track athletes were filmed at 308 pictures per 
second while running at 3 velocities. Focus of study was placed on the rel­
ationship of the point of contact of the leading foot to the center of grav­
ity of the body. The other factors examined were* angle of upper body lean 
angle of the upper legs Hie angle of the lower leg} and the position of the 
foot at contact.
A computer program was designed to calculate the horizontal distance 
from the point of contact to the center of gravity and to compute body 
segmental angles. An ancillary program plotted stick figures for each frame 
analysed and grouped selected frames to illustrate the sequential pattern of 
body movement during contact.
The results of this investigation indicated that with a decrease In 
running velocity, foot contact was made more closely under the center of 
gravity. It was also found that the angle of upper body lean Increased 
with an increase in velocity during middle and later stages of contact, 
but this lean varied among runners and deviated only slightly from the 
perpendicular. In the early stages of contact, the angle of the upper 
leg became more horizontal at maximum than at the slowest velocity. The 
range of the angle of the lower leg at touchdown was found to be from 
to 91 degrees. Foot contact did not necessarily become more flat-footed 
with a decrease in velocity.
It was also shown that the dorslflexion of the ankle is extremely 
important in cushioning the impact of the body at Initial contact, 
particularly during heel and flat-footed running. It was also found that 
movement of the hip joint is minimal in the frontal plane during contact.
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CHAPTER I
INTRODUCTION
Although runn ing  i s  a  main method o f  locomotion used by man, 
r e l a t i v e l y  l i t t l e  has been w r i t t e n  about i t  in  term s o f th e  m echanical 
a n a ly s i s  o f  th e  movement. A p o s s ib le  reaso n  f o r  t h i s  i s  t h a t  th e re  
seems to  be as many assumed c o r r e c t  s t y l e s  o f  runn ing  as  th e r e  a re  run­
n e r s ,  and th e se  s t y l e s  vary , supposedly , from th e  high-kneed  power s t r i d e  
o f  th e  s p r i n t e r  to  th e  s h u f f l in g  g a i t  o f  th e  m arathoner.
I t  would appear t h a t  th e  d i f f e r e n c e s  a t t r i b u t e d  to  v a r io u s  running  
s t y l e s  f o r  d i f f e r e n t  runne rs  depend, to  a  g re a t  e x te n t ,  on judgements 
made s o le ly  w ith  th e  naked eye and on coaches who f e e l  t h a t  they  a re  
a u t h o r i t i e s  because of p a s t  exper ience  and o b se rv a t io n .  T h is ,  th en , may 
r a i s e  th e  q u e s t io n  as  to  whether th e se  d i f f e r e n c e s  r e a l l y  do e x i s t ,  and 
i f  so, to  what ex ten t?  For example, i s  th e  s p r i n t e r ' s  fo o t  p laced  in  a 
d i f f e r e n t  p o s i t io n  in  r e l a t i o n  to  th e  r e s t  o f  h i s  body, than  i s  th e  fo o t  
of th e  long d is ta n c e  runner? To th e  naked eye i t  would seem t h a t  the  
p o s i t io n s  a re  q u i te  d i f f e r e n t ,  bu t h igh  speed photography in d ic a t e s  th a t  
t h i s  d i f f e r e n c e  might be exaggera ted .
THE PROBLEM
The purpose of t h i s  s tudy  was to  determ ine i f  v a r i a t i o n  in  runn ing  
v e lo c i ty  a l t e r e d  fo o t  placem ent, th e  angle  o f  body le an ,  th e  ang le  o f  the  
upper le g ,  th e  ang le  o f  touchdown and th e  p o s i t io n  o f  th e  fo o t  d u rin g  the  
c o n tac t  phase. More s p e c i f i c a l l y ,  measurements were made to  f in d :  ( l )  th e
h o r iz o n ta l  d is ta n c e  from th e  p o in t  of fo o t  co n tac t  to  a l i n e  drawn v e r t ­
i c a l l y  to  a  p o in t  r e p r e s e n t in g  the  c e n te r  of g ra v i ty  o f  th e  body, ( 2) the
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2ang le  o f th e  le a d in g  upper le g ,  ( 3) th e  ang le  o f  th e  le a d in g  lower le g ,
( 4 ) th e  ang le  o f  th e  le a d in g  f o o t ,  and ( 5) th e  ang le  o f  th e  upper body 
le a n .  These measures were found f o r  th r e e  d i f f e r e n t  v e l o c i t i e s  a t  th r e e  
s ta g e s  o f  c o n ta c t .
Im portance o f  th e  Study
At p re sen t  th e  lack  o f  q u a n t i t a t i v e  in fo rm atio n  on th e  r e l a t i o n  
o f  th e  c e n te r  of g r a v i ty  o f  th e  body to  fo o t  placement h in d e rs  complete 
u n d e rs tan d in g  o f th e  mechanics o f  runn ing  and i n h i b i t s  th e  i s o l a t i o n  of 
th o se  f a c t o r s  which may vary  r e l a t i v e  to  th e  d is ta n c e  and v e lo c i ty  which 
a  manner must run . Knowing th e  r e l a t i o n s h i p  o f  th e  lo c a t io n  o f  th e  
r e p r e s e n t a t i v e  c e n te r  o f  g r a v i ty  o f  th e  body to  th e  c o n ta c t  su r fa c e  f o r  
va ry ing  v e l o c i t i e s  may h e lp  coach ing  by s u b s t a n t i a t i n g  p r e s e n t ly  recom­
mended t r a c k  te ch n iq u es  o r  by su g g es t in g  new ones. Although some au th o rs  
have in d ic a te d  t h a t  th e  p o in t  o f  c o n tac t  i s  s l i g h t l y  ahead o f th e  c e n te r  
o f  g r a v i ty  of th e  ru n n e r  and t h a t  t h i s  d is ta n c e  d ec rea se s  w ith  an in c re a s e  
in  speed, s c i e n t i f i c  evidence i s  la c k in g  to  support th e se  c la im s.
An i n t r i c a t e  exam ination o f th e  co n tac t  phase would seem v i t a l  in  
d i s c r im in a t in g  th e  e f f e c t  t h a t  v e lo c i ty  has on th e  o r i e n t a t i o n  o f  v a r io u s  
body segments d u r in g  manning. I t  i s  im portan t th a t  th e  r e l a t i o n s h i p  of 
th e s e  body segments in  s k i l l e d  runne rs  i s  known so t h a t  means to  b e s t  
runn ing  e f f i c i e n c y  may be d isco v e red .  C arefu l s tudy  o f th e  ang le  o f  
body lean  and th e  an g les  o f  th e  lower limb segments may c l a r i f y  proper 
runn ing  tech n iq u e .
Purpose o f  th e  Study
The purpose of t h i s  s tudy  was to  i s o l a t e  th e  e f f e c t  o f  v e lo c i ty  
on th e  c o n tac t  phase in  runn ing . By u s in g  h igh  speed photography and.
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3by c o n t r o l l i n g  v e lo c i ty ,  i t  was hoped t h a t  a  b roade r  u n e rs ta n d in g  o f  th e  
b iom echan ica l d i f f e r e n c e s  in  runn ing  a t  d i f f e r e n t  v e l o c i t i e s  cou ld  be 
ach ieved . By d e te rm in ing  th e  e x te n t  o f  m orphologica l commonality among 
v e l o c i t i e s  i t  was a l s o  in tended  t h a t  th e  va lue  o f  coach ing  might be 
a s c e r ta in e d .
D e l im ita t io n s
E igh t male t r a c k  a t h l e t e s  a t t e n d in g  th e  U n iv e rs i ty  o f  Windsor 
were f i lm ed  u s in g  h igh  speed photography. F ilm ing was done a t  r i g h t  
a n g les  to  th e  p lane  o f  motion w ith  op tim al l i g h t i n g  c o n d i t io n s  on a 
s in g le  day. Data were e x t r a c te d  from exam ination o f  th e  c o n tac t  p e r io d  
o f th e  l e f t  le a d in g  limb d u r in g  runn ing  t r i a l s  in  which v e lo c i ty  was 
c o n t r o l le d .  A na lysis  was f a c i l i t a t e d  by means of computer programming.
DEFINITION OF TERMS
The fo l lo w in g  d e f i n i t i o n s  a re  p rov ided  to  perm it an u n d e rs tan d in g  
o f  th e  term s as  a p p l ie d  to  t h i s  s tudy:
R ep re se n ta t iv e  Center o f  G ra v i ty . As f i lm in g  was done in  th e  
s a g i t t a l  p lane , th e  l e f t  g r e a t e r  t r o c h a n te r  served  as th e  anatom ical 
landmark to  r e p re se n t  th e  c e n te r  o f  g r a v i ty  of each ru n n e r .
Leading Lower Limb. The l e f t  l e g  j u s t  p r i o r  to  and d u r in g  c o n tac t  
was s e le c te d  as th e  le a d in g  lower limb as i t  was c lo s e r  to  th e  camera.
C o n tac t . Contact was d e f in ed  a s  th e  phase d u r in g  which th e  le ad ­
in g  fo o t  touched th e  ground. In  t h i s  s tudy , c o n tac t  was d e l in e a te d  
f u r t h e r  in to  i n i t i a l  c o n ta c t ,  e f f e c t i v e  co n tac t  and c e n te r  o f  g ra v i ty  
c o n ta c t .
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4I n i t i a l  C o n tac t , The i n s t a n t  a t  which c o n ta c t  was made w ith  th e  
ground was c a l l e d  i n i t i a l  c o n ta c t .
E f f e c t iv e  C o n tac t . E f f e c t iv e  c o n ta c t  was d e f in e d  a s  c o n tac t  in  
which th e  lower l e g  reached  an ang le  o f  90 deg rees  to  th e  runn ing  s u r fa c e .
C en ter  of G rav ity  C o n tac t. C enter o f  g r a v i ty  c o n tac t  was c o n tac t  
in  which th e  h ip  j o i n t  was d i r e c t l y  over th e  p o in t  of c o n ta c t .
ORGANIZATION OP THE REMAINDER OP THESIS
The rem ainder o f  t h i s  t h e s i s  i s  d iv id e d  in to  f iv e  c h a p te r s .  The 
second c h a p te r  examines th e  l i t e r a t u r e  r e l a t e d  to  t h i s  s tudy . Chapter 
th r e e  c o n ta in s  th e  procedures  used  to  conduct th e  i n v e s t ig a t i o n .  In  
c h a p te r  fo u r  a re  th e  r e s u l t s  o f  t h i s  s tudy  and th e  fo l lo w in g  ch ap te r  
c o n s i s t s  o f  a d is c u s s io n  o f th e s e  r e s u l t s .  The summary and co n c lu s io n s  
a re  l i s t e d  in  c h a p te r  s ix .
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CHAPTER I I
REVIEW OP LITERATURE
An in v e s t i g a t i o n  in to  th e  e f f e c t  o f  v e lo c i ty  on run n in g  d u r in g  th e  
c o n ta c t  phase was examined in  t h i s  s tudy .
T h is  c h a p te r  c o n ta in s  a  review  o f  l i t e r a t u r e  p e r t a in in g  to  th e  
mechanics o f  runn ing  and p a r t i c u l a r l y  t o  those  sou rces  r e l a t e d  to  th e  
c o n tac t  phase and runn ing  v e lo c i ty ,  th e  c e n t r a l  problem of t h i s  s tudy . 
While numerous coach ing  a r t i c l e s  have d e a l t  w ith  t r a i n i n g  methods 
invo lved  in  runn ing , few q u a n t i t a t i v e  s tu d ie s  have been conducted on body 
mechanics o f  any phase o f  runn ing , and fewer s t i l l  have examined th e  
c o n tac t  phase.
E a r l i e s t  re c o rd s  on runn ing  a n a ly s is  were re p o r te d  p r i o r  to  th e  
tw e n t ie th  c en tu ry ,  bu t th e se  s tu d ie s  lacked  p re c i s io n  due to  th e  inad­
equac ies  o f  the  equipment. The crude fo rc e  p la tfo rm  used  by Amar ( 16) 
was t y p i c a l  o f  th e  m echanical dev ices  used in  runn ing  a n a ly s i s  a t  th e  
tu r n  o f  th e  c en tu ry .  Although photography was used  to  some degree , i t  
was l im i te d  to  s e q u e n t ia l  s t i l l  photography in  a p p l i c a t io n s  s im i la r  to  
th e  i n v e s t ig a t io n  by Muybridge (10) in to  numerous forms o f locomotion.
The development of moving p ic tu r e s  provided  a new to o l  f o r  motion 
a n a ly s i s  which has been r e f in e d  to  th e  c u r re n t  ex trem ely  s o p h i s t i c a te d  
te ch n iq u es  in v o lv in g  h igh  speed photography w ith  computer a n a ly s i s .
The e a r l i e s t  s tu d ie s  u s in g  cinematography a re  th o se  by Penn (27) 
who developed th e  i n i t i a l  q u a n t i t a t i v e  f i lm  a n a ly s i s  te ch n iq u es .  His 
photography invo lved  th e  use o f  a  hand-cranked camera capable  o f  120 
frames pe r  second. As f i lm  speed was i r r e g u l a r ,  frame r a t e  was c a lc u l ­
a te d  by dropping  c roquet b a l l s  in  f ro n t  o f  a v e r t i c a l  s c a le  w ith in  th e
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
pho tograph ic  view. A co o rd in a te  system was a ls o  e s t a b l i s h e d  by p la c in g  
a  w hite  l a t t i c e - w o r k  c o n s t r u c t io n  of one-m eter squares  between th e  camera 
and th e  ru n n e r .  The methods adopted by Penn provided  th e  fou n d a tio n  f o r  
s e v e ra l  s tu d ie s  which fo llow ed .
Various in v e s t ig a t i o n s  have been reviewed in  t h i s  c h a p te r .  For 
b e s t  exam ination  o f  th e  r e s e a rc h  on th e  mechanics o f  runn ing , th e  l i t e r a ­
tu r e  may be d iv id e d  in to  th e  fo l lo w in g  head ings: ( l )  body i n c l i n a t i o n ,
( 2) s t r i d e  le n g th ,  ( 3) fo o t  p lacem ent, and ( 4) c e n te r  o f  g r a v i ty .
BODY INCLINATION
S evera l i n v e s t ig a to r s  have s tu d ie d  body in c l i n a t i o n  in  runn ing  and 
have in d ic a te d  i t s  im portance. There i s ,  however, some disagreem ent on 
th e  most d e s i r a b le  body le an .  Morehouse and Cooper ( 8 ) s t a t e d  t h a t  th e  
body le a n s  forward d u r in g  run n in g  in  o rd e r  t h a t  th e  c e n te r  of weight of 
th e  body i s  p laced  ahead of th e  d r iv in g  a c t io n  o f  th e  le g s .  Even though 
they  ad m itted  th a t  some s u c c e s s fu l  runne rs  appear to  run e re c t  o r  even 
w ith  a s l i g h t l y  backward le an ,  le a n in g  forward over th e  th e  c o n tac t  fo o t  
was recommended, Rasch and Burke (11) and Soule ( 42) supported  th e  con­
cep t o f  forward le a n  while  Jensen  and S hu ltz  ( 7) went f u r t h e r  by s t a t i n g  
t h a t  o c c a s io n a l ly  a  runne r  had to  be tau g h t to  lean  forw ard . Bunn (2)
a l s o  recogn ized  th e  forward le an  and suggested  t h a t  i t  he lped  to  overcome
a i r  r e s i s t a n c e .
In  o p p o s i t io n  to  t h i s  view i s  th e  o b se rv a t io n  by Slocum and 
James (41) t h a t  th e  p o s i t io n  o f  th e  tru n k  was e s s e n t i a l l y  e r e c t  and th a t  
forward lean  s h i f t e d  th e  c e n te r  of g ra v i ty ,  u p s e t t in g  forward b a lan ce .  
They proposed th a t  forward le an  may be a product of f a u l t y  coaching.
Dyson (6) supported  t h i s  view and might have answered th e  c o n tro -
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v e rsy  by su g g es t in g  t h a t  th e r e  may be an i l l u s i o n  o f forw ard  lean  by 
o b se rv in g  a  runner when h i s  d r iv in g  le g  i s  f u l l y  ex tended. An a l t e r n a t e  
s o lu t io n  to  th e  problem i s  sugges ted  by W ilt (43) and Chapman (21) who 
in d ic a te d  t h a t  th e  forward le an  i s  d i r e c t l y  r e l a t e d  to  a c c e l e r a t i o n .  As 
to p  speed approaches, a c c e l e r a t i o n  and body le an  d ecrea se .
E f fe c t  o f  V e loc ity  on Body I n c l i n a t i o n
There seems to  be a common f e e l i n g  t h a t  a s  an a t h l e t e  runs  f a s t e r ,
th e  body i n c l i n a t i o n  becomes g r e a t e r .  Morehouse and Cooper s t a t e d  t h a t ,  
" . . .  . The e x te n t  o f  th e  le an  i s  in  p ro p o r t io n  to  th e  r a t e  o f  runn ing . A 
s p r i n t e r  runn ing  maximum speed w i l l  le an  forward about 25 degrees  from th e  
v e r t i c a l .  D is tance  ru n n e rs ,  a p p ly in g  l e s s  d r iv in g  fo rce  w i l l  lean  forward 
only about 15 d eg rees .  . . ."  (8 :242) Rasch and Burke (11) in  agreement,
sugges ted  a  forward le an  of 20 to  25 degrees  d u r in g  a  s p r i n t e r ' s  maximum 
speed. Jensen  and S hu ltz  (7)» Broer (1) and S co tt  (12) a l l  observed a 
p ro g re s s iv e  i n c l i n e  o f  th e  upper body as  speed in c re a s e d .
Four grade school g i r l s  were s tu d ie d  by D ittm er (43) over a 5 -year
p e r io d  to  analyze  th e  development of th e  runn ing  p a t t e r n  and to  i s o l a t e  
f a c t o r s  which d i s t i n g u i s h  good from poor pe rfo rm ers . At c o n ta c t ,  th e  
b e t t e r  perform ers  were found to  be running  w ith  in c re a se d  forward lean .  
Trunk i n c l i n a t i o n  was measured from th e  middle o f  th e  t r o c h a n te r  to  a 
p o s i t io n  midway between th e  sh o u ld e rs .
Osterhoudt ( 50) examined s k i l l e d  runners  a t  c o n t r o l l e d  submaximum 
v e l o c i t i e s  to  observe th e  e f f e c t  o f  speed and s lope  on s e le c te d  biomech­
a n ic a l  f a c t o r s .  The mean body angle  a t  c o n tac t  was found to  d ecrease  
w ith  a d ecrease  in  speed.
In  summary, i t  seems t h a t  most o f  th e  a u t h o r i t i e s  f e l t  t h a t  th e
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s"body does i n c l in e  forward in  ru n n in g  and t h a t  t h i s  i n c l i n a t i o n  in c re a s e s  
w ith  in c re a s e d  v e lo c i ty .
STRIDE LENGTH
S t r id e  le n g th  i s  a n o th e r  a r e a  o f  co n tro v e rsy  in  th e  l i t e r a t u r e .
Some a u th o rs  f e l t  t h a t  runn ing  e f f i c i e n c y  can he improved hy in c r e a s in g  
th e  le n g th  o f  th e  s t r i d e .  Deshon and Nelson (22) f o r  example, s t a t e d  
t h a t  a  long  runn ing  s t r i d e  was a  f a c t o r  in  e f f i c i e n t  runn ing . Hogberg (31) 
however, examining th e  in f lu e n c e  o f  s t r i d e  r a t e  and s t r i d e  frequency on 
oxygen consumption found t h a t  th e  most economical s t r i d e  le n g th  was 
c lo s e s t  to  t h a t  f r e e l y  chosen by th e  s u b je c t .  In  t h i s  s tudy , Hogberg 
used  th e  t r e a d m i l l  and examined only one s u b je c t .
E f fe c t  o f  V e lo c ity  on S t r id e  Length
There i s  g e n e ra l  agreement t h a t  s t r i d e  le n g th  in c re a s e s  accompany 
speed in c r e a s e s .
In  one of th e  e a r l i e s t  experim en ta l  an a ly se s  u t i l i z i n g  a  t r e a d m i l l ,  
Hubbard (33) e v a lu a te d  th e  d i f f e r e n c e s  between 5 t r a i n e d  and 5 u n tra in e d  
male ru n n e rs .  Kymographic re c o rd s  of m uscular a c t i v i t y  were tak en  from 
t r i a l s  o f  w alking and runn ing  a t  a  pace s e le c te d  by th e  s u b je c t s  them­
s e lv e s .  No evidence was p re s e n te d  i n d i c a t i n g  whether ana tom ica l d i f f e r ­
ences e x i s t e d  between th e  t r a i n e d  and th e  u n t ra in e d  ru n n e rs ,  however 
Hubbard found s t r i d e  le n g th  was 16 pe rcen t h ig h e r  among t r a i n e d  than  
u n t ra in e d  ru n n e rs .  He concluded t h a t  improvement in  runn ing  r e s u l t e d  
from in c r e a s in g  s t r i d e  le n g th  r a t h e r  than  th e  r a t e  o f  s t r i d i n g . .
In  a c in em atog raph ica l  a n a ly s i s  o f  s p r in t in g  Deshon and Nelson (22) 
used  19 male v a r s i t y  a t h l e t e s  to  examine th e  r e l a t i o n s h i p  between running
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velocity and stride length, the angle of touchdown, and the angle of leg 
lift. Statistically significant intercorrelations were found to exist 
between all variables except mean angle of leg lift and mean angle of 
touchdown. It was suggested that the results tended to support the 
concept that efficient running was characterized by a high knee lift, 
long running stride and placement of the foot as closely as possible 
beneath the center of gravity of the runner. Only maximum velocity of 
each subject was evaluated.
More r e c e n t ly ,  Teeple (52) conducted an in v e s t ig a t i o n  in to  th e  
e f f e c t s  o f  speed changes on s e le c te d  b iom echanical f a c t o r s  f o r  28 c o l le g e  
women c l a s s i f i e d  as  e i t h e r  slow o r  f a s t  ru n n e rs .  Her s u b je c t s  were f i lm ed  
a t  120.5 frames p e r  second as  they  ran  a t  maximum speed and a t  two sub­
maximum speeds w ith  th e  a s s i s t a n c e  o f  a speed-pacer s e t  a t  11.5 and 16.0 
f e e t  pe r  second. Data were e x t r a c te d  d i r e c t l y  from th e  f i lm  u s in g  a 
Vanguard Motion A nalyzer so t h a t  th e  c o o rd in a te s  of segmental end p o in ts  
could be fe d  in to  a  computer program to  determ ine segemental an g les  and 
th e  lo c a t io n  of th e  c e n te r  o f  g ra v i ty  by means o f  th e  segmental method.
The c e n te r  o f  g ra v i ty  was c a lc u la te d  s o le ly  d u r in g  t a k e - o f f .
In  h e r  s tudy , changes in  running  speed r e s u l t e d  in  s i g n i f i c a n t  
d i f f e r e n c e s  in  v e lo c i ty ,  s t r i d e  r a t e ,  s t r i d e  le n g th ,  tim e o f  su p p o rt ,  
t im e o f non-support and angle  o f  l e g  l i f t .  Angle o f  touchdown f o r  sub­
maximum speeds and th e  an g les  o f  t ru n k  le an  and t a k e - o f f  y ie ld e d  no s ig ­
n i f i c a n t  d i f f e r e n c e s .  She concluded t h a t  th e  primary b iom echanical 
f a c t o r  a s s o c ia te d  w ith  runn ing  a b i l i t y  was time o f su p p o rt ,  and th a t  
s t r i d e  r a t e ,  s t r i d e  le n g th ,  ang le  o f  l e g  l i f t  and tim e o f support a re  
s i g n i f i c a n t l y  a l t e r e d  by changes in  speed.
O sterhoudt ( 50) found in c re a s e s  in  both  s t r i d e  r a t e  and s t r i d e
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le n g th  w ith  an in c re a s e  in  th e  submaximum v e l o c i t i e s  examined and a ls o  
i n  th e  th r e e  s lo p es  used .
Some d isc rep an cy  to  th e s e  views was p re sen te d  by Hogberg (3 0 ) .
He r e f u te d  th e se  f in d in g s  in  p a r t  when he in d ic a te d  t h a t  a t  h ig h e r  speeds, 
optimum f o r  each ru n n e r ,  speed was in c re a se d  mainly by in c r e a s in g  s t r i d e  
frequency . His r e s u l t s  a t  lower speeds, however, were in  agreement w ith  
o th e r  in v e s t ig a t i o n s .  This  t r e a d m i l l  s tudy  o f  w e l l - t r a in e d  runne rs  may 
be l im i te d  in  t h a t  only  2 s u b je c t s  were used .
Hogberg in d ic a te d  t h a t  an e f f o r t  to  in c re a s e  s t r i d e  le n g th  by 
s t r e t c h i n g  th e  lower l e g  forw ard  was uneconomical because:
. . . th e  c e n te r  of g r a v i ty  of th e  body ta k e s  longer to  come in to  
such p o s i t io n  t h a t  i t  l i e s  in  f r o n t  o f  th e  forward f o o t .  Good runne rs  
s e t  th e  fo o t  a  very  sh o r t  d is ta n c e  in  f r o n t  o f  th e  v e r t i c a l  l i n e  run­
n in g  th rough  th e  b o d y 's  c e n te r  of g ra v i ty  . . . .  (31:139)
Rapp (51) a ttem p ted  to  determ ine th e  e f f e c t  o f  v e lo c i ty  on s t r i d e  len g th  
and b o d y - r is e  of 13 s k i l l e d  c ro s s -c o u n try  and t r a c k  a t h l e t e s .  In  chang­
in g  from a slow t o  moderate pace, ru n n e rs  were found to  in c re a s e  s t r i d e  
le n g th  and decrease  b o d y - r i s e .  While th e s e  f in d in g s  a re  s im i la r  to  those  
r e p o r te d  by Hogberg (3 0 ) ,  i t  should  be no ted  th a t  Rapp d id  not adequa te ly  
c o n t r o l  th e  running  v e lo c i ty  o f  each t r i a l .  The tw o-m ile , 330 yard  and 
maximum e f f o r t  pe,ces were r e g u la te d  s o le ly  by v e rb a l  i n s t r u c t i o n .
Although frame r a t e  was re p o r te d  as  64 frames per second, no evidence 
was given f o r  f i lm  speed v a l i d a t i o n .  The s tudy may f u r t h e r  be l im i te d  
in  t h a t  s u b je c ts  a l t e r e d  t h e i r  normal running  s t r i d e  in  o rd e r  to  t r i g g e r  
sw itch  m ats.
In  summary, a lthough  th e r e  i s  some disagreem ent on th e  e f f e c t  of 
v e lo c i ty  on s t r i d e  le n g th  i t  i s  g e n e ra l ly  accep ted  t h a t  p ro g re s s iv e  
in c re a s e s  in  s t r i d e  le n g th  a re  a s s o c ia te d  w ith  f a s t e r  runn ing .
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FOOT PLACEMENT
D iscuss ion  o f fo o t  placement has been studied, mainly i n  r e l a t i o n  
t o  th e  p o s i t io n  o f  th e  fo o t  a t  c o n ta c t ,  in  r e l a t i o n  to  th e  c e n te r  o f  
g r a v i ty  o f  th e  body, and in  r e l a t i o n  t o  d i f f e r e n t  v e l o c i t i e s .
P o s i t io n  o f  th e  Foot a t  Contact
I t  i s  g e n e ra l ly  accep ted  t h a t  th e  s p r i n t e r  c o n ta c ts  th e  ground on 
th e  o u te r  b a l l  o f  th e  f o o t .  Slocum and James (41) examined th e  shoes of 
f i f t y  u n s e le c te d  t r a c k  men and found g r e a te s t  wear on th e  o u te r  s id e  o f 
th e  so le  in  th e  m e ta ta r s a l  w e ig h t-b e a r in g  a re a .  Toni N ett (35) in v e s t ­
i g a t i n g  fo o t  c o n tac t  in  v a ry in g  runn ing  ev en ts  w ith  a  camera s i t u a t e d  
20 to  30 c e n t im e te rs  o f f  th e  ground and o p e ra ted  a t  64 frames per  second, 
observed t h a t  ru n n e rs  o f  i n t e r n a t i o n a l  c a l i b e r  a t  a l l  d i s ta n c e s  f i r s t  
c o n tac te d  th e  ground on th e  o u ts id e  edge of th e  f o o t .
In  h i s  s tudy , O sterhoudt ( 50) n o t ic e d  th a t  r e g a r d le s s  o f  speed or 
s lo p e ,  th e  h ee l  i n e v i t a b ly  c o n tac te d  th e  ground d u r in g  support and th a t  
i n i t i a l  co n tac t  always occurred  on th e  l a t e r a l  b o rd e r  o f  th e  f o o t .  I t  
i s  im portan t to  n o te ,  however, t h a t  th e  o b se rv a t io n s  o f bo th  N ett (35) 
and O sterhoudt ( 50) were made in  th e  s a g i t t a l  p lan e .  I t  would seem th a t  
co n firm a tio n  of th e  l a t e r a l  p o s i t io n  o f  th e  fo o t  a t  co n tac t  must aw ait 
study  in  th e  f r o n t a l  p lan e .
Penn ( 27) i n s t r u c t e d  p h y s ic a l  ed u ca tio n  s tu d e n ts  t o  run a t  to p  
speed as  they  passed i n  f r o n t  o f  a camera. His s u b je c t s  landed f l a t - f o o t e d  
o r  l i g h t l y  on th e  h e e l  even a t  to p  speed. I t  should  be no ted , however, 
t h a t  runn ing  speed was n e i th e r  measured nor c o n t r o l l e d .
Although H ubbard 's  (33) comments on fo o t  placement were not based 
on measurements, he observed t h a t  th e  co n tac t  f o o t ,  which served  as
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support from which " b a l l i s t i c  movements cou ld  "be thrown, can he e f f e c t i v e  
in  e i t h e r  a  f l a t  o r  extended p o s i t io n .  He then  concluded t h a t  d is ta n c e  
ru n n e rs  should l i g h t  on th e  h e e l  w ith  th e  gastocnemious re la x e d .
N e t t ' s  (35) o b se rv a t io n s  a l s o  lacked  q u a n t i f i c a t i o n ,  however he 
n o t ic e d  t h a t  th e  p o s i t i o n  o f  th e  foo t became in c re a s in g ly  f l a t  w ith  an 
in c re a s e  in  runn ing  d i s t a n c e .  A f te r  rev iew ing  k in e s io lo g y  l i t e r a t u r e  
D ittm er ( 4B) s t a t e d  t h a t  in  o rd in a ry  runn ing  and w ith  in c r e a s in g  speed, 
f i r s t  c o n ta c t  should  be made on th e  b a l l  o f  th e  f o o t .  D ittm er  s t r e s s e d  
t h a t  lan d in g  on th e  b a l l  seemed to  be advantageous in  len g th en in g  th e  
s t r i d e .  I t  i s  almost unanimously accep ted  by w r i t e r s  o f  k in e s io lo g y  
t h a t  d is ta n c e  ru n n e rs  c o n tac t  th e  ground w ith  e i t h e r  h e e l  o r  f l a t - f o o t  
p lacem ent. O sterhoudt ( 50) drew s im i la r  c o n c lu s io n s  from a review  of 
t r a c k  and f i e l d  coaches. From h i s  own s tudy , O sterhoudt concluded th a t  
fo o t  c o n ta c t  became in c re a s in g ly  more d i s t a l  as th e  speed of run in ­
c re ased .
Foot Placement and C enter o f  G rav ity
Fenn (23) determ ined th e  h o r iz o n ta l  and v e r t i c a l  movements of the  
c e n te r  of g ra v i ty  in  running . 'The c e n te r  o f  g ra v i ty  was co n s id e red  to  
be 10 c e n t im e te rs  above th e  h ip  j o i n t .  He found t h a t  w ith  only s l i g h t  
ex cep tio n , th e  r i s e  o f  th e  c e n te r  o f  g ra v i ty  reached a maximum when the  
to e  l e f t  th e  ground, and t h a t  th e  c e n te r  o f  g ra v i ty  f e l l  between c o n ta c t s .  
The p o in t  o f  co n tac t  was found to  be ahead of th e  c e n te r  of g ra v i ty  f o r  
approxim ate ly  0 .03  seconds.
The swinging limb in  run n in g  was examined by Fortney  (49) who used 
8 boys aged 7 th rough  11 as s u b je c t s .  Fortney  exp la in ed  t h a t  p r i o r  to  
c o n ta c t ,  th e  lan d in g  fo o t  i s  moving backward in  r e l a t i o n  to  a  f ix e d
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p o in t  in  space and f u r t h e r  t h a t  th e  h e e l  i s  moving backward in  r e l a t i o n  
t o  th e  knee. • She suggested  t h a t  th e  backward motion o f  th e  h e e l  was 
advantageous in  p la c in g  th e  le a d in g  fo o t  more d i r e c t l y  under th e  c e n te r  
o f  g ra v i ty  of th e  body a t  th e  beg in n in g  o f  th e  co n tac t  phase and a l s o  in  
e x e r t in g  fo rc e  in  th e  d e s i r e d  d i r e c t io n  d u rin g  c o n ta c t .  No a ttem pt was 
made to  lo c a te  th e  c e n te r  o f  g r a v i ty  o r  c l a r i f y  th e  r e l a t i o n s h i p  between 
th e  b o d y 's  weight c e n te r  and th e  p o in t  o f  c o n ta c t ,
Clouse (47) in  a k in em atic  a n a ly s i s  o f  runn ing  p a t t e r n  develop­
ment o f  p reschoo l boys, f i lm ed  a t  32 frames per second, fo llow ed th e  path  
o f  an e s t im a te d  c e n te r  of g r a v i ty  of th e  body in  space and determ ined 
th e  lo c a t io n  of th e  c e n te r  o f  g r a v i ty  in  r e l a t i o n  to  th e  c o n ta c t in g  f o o t .
A s t r a i g h t  i in e  drawn from th e  e s t im a ted  c e n te r  of g ra v i ty  to  th e  meta­
t a r s a l  pha langea l j o i n t  o f  th e  c o n tac t  fo o t  was termed th e  angle  of 
i n c l i n a t i o n  o f  th e  body. An ang le  o f g r e a t e r  than  90 degrees  in d ic a te d  
t h a t  th e  su p p o rt in g  fo o t  was ahead of th e  e s t im a ted  c e n te r  o f  g ra v i ty ,  
while  an g les  l e s s  th an  $0 d eg rees  p laced  th e  c e n te r  of g ra v i ty  ahead of 
su p p o rt .  Although th e  ang le  o f  body in c l i n a t i o n  decreased  w ith  s k i l l ,  
i t  remained g r e a t e r  than  100 degrees  in  a l l  s u b je c t s .  Clouse recogn ized  
t h a t  th e  c e n te r  o f  g ra v i ty  t r a i l e d  c o n ta c t ,  however she d id  not in d ic a te  
th e  h o r iz o n ta l  d is ta n c e  between th e se  two p o in ts .
Bunn (2 ) ,  i n  c o n t r a s t  to  th e  f in d in g s  o f  Fenn ( 28) ,  Fortney  (49) 
and Clouse (4 7 ) ,  proposed t h a t  i d e a l ly  th e  c e n te r  of g ra v i ty  should be 
kep t in  f r o n t  o f  th e  s t r i d i n g  fo o t  a t  co n tac t  by le a n in g  forw ard . He 
f u r t h e r  in d ic a te d  t h a t  th e  a t h l e t e  who f i r s t  c o n ta c ts  th e  ground w ith
h i s  h e e l ,  causes h i s  c e n te r  o f  g ra v i ty  to  f a l l  behind th e  co n tac t  f o o t ,
th u s  c r e a t i n g  a  r e t a r d in g  e f f e c t  equal to  th e  body mass t im es th e  d is ta n c e
from c o n tac t  to  th e  c e n te r  o f  g r a v i ty .
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E f fe c t  o f  V e lo c ity  on Center o f  Gravity
O sterhoudt ( 50) examined th e  r e l a t i o n s h i p  o f  th e  h e e l  to  th e  h ip  
d u r in g  c o n ta c t .  H is  r e s u l t s ,  showing a  decrea se  in  h o r i z o n ta l  d is ta n c e  
from h e e l  to  h ip  when runne rs  d ecreased  v e lo c i ty  from 21 to  16 and 11 
f e e t  p e r  second, q u e s t io n  th e  assum ption made by Dyson (6) t h a t  th e  
d is ta n c e  in  which th e  fo o t  lands  in  f r o n t  of th e  c e n te r  o f  g ra v i ty  o f  th e  
runner d ec rea se s  w ith  an in c re a s e  in  v e lo c i ty .  O s te rh o u d t 's  d a ta ,  however, 
may he l im i t e d  in  t h a t  th e  v e l o c i t i e s  examined do not perm it comparison 
to  s p r i n t e r s  and t h a t  s e l e c t io n  of th e  h e e l  as th e  p o in t  of c o n tac t  may 
a u to m a t ic a l ly  i n f e r  t h a t  he compared d i f f e r e n t  .s tag es  o f  c o n ta c t  among 
ru n n e rs .
THE CENTER OF GRAVITY
D iscussion  of runn ing  mechanics o f te n  r e l a t e s  to  th e  p o s i t io n  of 
th e  c e n te r  o f  g ra v i ty  of th e  body as th e  c e n te r  o f  mass and as  th e  p o in t 
o f  a p p l i c a t io n  o f th e  r e s u l t a n t  fo rc e  of g ra v i ty  a c t i n g  on each segment. 
Cooper and Glassow s t a t e d ,  " . . .  W ithin every mass th e re  i s  a  p o in t 
about which th e  g r a v i t a t i o n a l  fo rc e s  on one s id e  w i l l  equal th o se  on th e  
o th e r  s id e .  This ba lance  p o in t ,  determ ined  in  th re e  p lan es  o f  th e  mass 
i s  th e  c e n te r  of g ra v i ty ."  (3 :151) I t  would appear t h a t  many k i n e s i o l ­
o g i s t s  and coaches r e f e r  to  th e  c e n te r  of g ra v i ty  as though i t  were an 
obvious p o s i t io n  immediately rec o g n iza b le  to  th e  c a su a l  o b se rv e r .  The 
lo c a t io n  o f  t h i s  weight c e n te r ,  however, seems to  vary  s l i g h t l y  from 
in d iv id u a l  to  in d iv id u a l ,  between sexes , and w ith  age. As th e  p o s i t io n  
o f  th e  c e n te r  o f  g ra v i ty  a l so  changes w ith  movement of body segments, 
th e r e  i s  d i f f i c u l t y  in  p r e c i s e ly  d e te rm in ing  t h i s  lo c a t io n  in  ru n n e rs .  
Although th e  c e n te r  of g ra v i ty  o f  th e  body i s  a  h y p o th e t ic a l  c o n s t r u c t ,
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man a t tem p ted  to  lo c a te  t h i s  p o s i t io n  a c c u ra te ly  u s in g  m athem atica l p re ­
c i s i o n  a s  e a r ly  a s  th e  sev en teen th  cen tu ry  ( 3: 151) .
C enter o f  G rav ity  in  th e  E rec t  P o s i t io n
When th e  human body i s  in  th e  e r e c t  p o s i t io n  th e  c e n te r  o f  g r a v i ty  
in  th e  t r a n s v e r s e  p lane  can be c a lc u la te d  u s in g  th e  s c a le  method developed 
by Reynolds and Lovett (39)  in  which a  su b je c t  l i e s  on a  board  supported  
a t  e i t h e r  end by k n ife -e d g e s  r e s t i n g  on weigh s c a l e s .  The t r a n s v e r s e  
p lane  has a l s o  been c a lc u la te d  to  be approxim ate ly  55 p e rc en t  o f  th e  
i n d i v i d u a l ' s  s tan d in g  h e ig h t  measured from th e  s o le s  of th e  f e e t .  For 
example Braune and F is h e r  (1 8 ) ,  u s in g  f ro ze n  cadave rs ,  found a  pe rcen tage  
o f  54*8 o f  th e  h e ig h t  o f  th e  body.
The method o f  f in d in g  th e  c e n te r  o f  g ra v i ty  developed by Palmer (36) 
u t i l i z e d  th e  p r in c ip le  o f  moments o f  fo rc e  around a f ix e d  p o in t  on sub­
j e c t s  ly in g  in  th e  supine p o s i t io n .  From d a ta  on almost 1200 male and 
female s u b je c ts  aged from b i r t h  to  20 y e a r s ,  he found t h a t  th e  t r a n s v e r s e  
p lane  o f  th e  c e n te r  o f  g ra v i ty  can be e s t im a ted  acco rd in g  to  th e  formula:
y .  0 .557 x + 1 .4  cm.
In  t h i s  form ula, *y* equals  th e  d is ta n c e  of th e  c e n te r  o f  g ra v i ty  from 
th e  s o le s  o f  th e  f e e t  and ' x '  eq u a ls  s t a t u r e .  In  th e  a d u l t ,  th e  c e n te r  
of g ra v i ty  was found to  be p o s i t io n e d  ju s t  over th e  brim o f  th e  p e lv is  
and f a i r l y  c lo se  t o  th e  v e n t r a l  bo rde r  o f  th e  v e r t e b r a l  column.
Palmer in d ic a te d  th a t  n e a r ly  a l l  i n v e s t ig a to r s  had lo c a te d  th e  
c e n te r  o f  g ra v i ty  w ith  r e fe re n c e  to  th e  t r a n s v e r s e  o r  f r o n t a l  p lanes  
assuming t h a t  th e  m id - s a g i t t a l  p lane  o f th e  body p asses  th rough th e  
weight c e n te r .  As th e  human body i s  not p e r f e c t ly  sym m etrical, he con­
c luded  t h a t  i t  was no t f e a s i b l e  to  a ttem pt to  lo c a te  th e  c e n te r  o f  g ra v i ty  
in  th e  s a g i t t a l  p lan e .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
16
C enter  o f  G rav ity  in  th e  Moving Body
L o ca tin g  th e  c e n te r  o f  g r a v i ty  in  th e  moving body i s  a  d i f f i c u l t  
t a s k .  Cooper and Glassow (3) in d ic a te d  t h a t  th e  use  o f  s c a le s  when th e  
body p a r t s  a re  moving becomes im possib le  a s  p re s su re  on th e  s c a le s  i s  
a f f e c t e d  by th e  fo r c e  o f  th e  movements as  w e ll  as th e  weight o f  th e  body 
p a r t s .  They su gges ted , however, t h a t  s c a le s  may be used  by s im u la t in g  
body p o s i t io n s  tak en  from photographs o f  th e  body in  motion.
At p re se n t  th e  segm ental method proposed by Dawson ( 4) i s  gener­
a l l y  th e  most accep ted  method f o r  f in d in g  th e  c e n te r  o f  g r a v i ty  o f  th e  
moving body. In  o rd e r  t o  use  t h i s  method i t  i s  n ece ssa ry  to  f in d  th e  
r e l a t i o n  o f  th e  c e n te r s  of g ra v i ty  o f  a l l  body segments to  each o th e r  
w ith  r e fe re n c e  to  a  v e r t i c a l  and h o r iz o n ta l  a x is  drawn a r b i t r a r i l y  th rough 
th e  body. The segmental method a ls o  demands knowledge of th e  percen tage  
w eigh ts  o f  th e  body segments and does not perm it th e  absence o f  some 
segments. D r i l l i s  (23) reviewed th e  numerous s tu d ie s  which in v e s t ig a te d  
th e  p e rcen tag e  w eights  of body segments. Although minor d i f f e r e n c e s  
e x i s t e d  among methods, g e n e ra l ly ,  s im i la r  r e s u l t s  were found u s in g  a 
v a r i e ty  o f  te ch n iq u es ,  which in c lu d ed  sawing f ro zen  cadavers  a t  th e  seg­
m ental end p o in ts  and immersion o f segments to  de term ine  volume d is p la c e ­
ment.
Using 16 m i l l im e te r  f i lm ,  exposed a t  64 frames per  second, Beck ( 46) 
determ ined  th e  p a th  o f  th e  c e n te r  o f  g ra v i ty  o f  boys from grades 1 to  6 
perform ing  a  30 y a rd  run . By p a in s ta k in g ly  t r a c i n g  each frame she c a l ­
c u la te d  segmental an g les  and th e  lo c a t io n  o f  th e  b o d y 's  c e n te r  of g r a v i ty .
A f te r  rev iew ing  v a r io u s  te ch n iq u es  a v a i l a b le  to  f in d  th e  weight 
c e n te r  in  th e  moving body, Beck s e le c te d  th e  segm ental method. As a l l  
segments must be v i s i b l e  in  o rd e r  to  use  t h i s  method a c c u r a te ly ,  i t  was
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n e ce ssa ry  to  a s s ig n  v a lu es  to  th e  l e f t  upper limh which became hidden 
from view by th e  t ru n k  d u r in g  th e  c o n ta c t  phase. P r io r  to  h e r  s tudy ,
Beck reaso n ed  t h a t  a  method o f  l o c a t in g  th e  c e n te r  o f  g r a v i ty  cou ld  be 
s e le c te d  on th e  b a s i s  t h a t  th e  pa th  of th e  c e n te r  o f  g r a v i ty  i n  space 
should  d is p la y  p r o j e c t i l e - l i k e  c h a r a c t e r i s t i c s  and equal h o r i z o n ta l  d i s ­
ta n ce  between f i lm  fram es. Using th e se  c r i t e r i a ,  she e l im in a te d  th e  
Palmer method and th e  h ip  j o i n t  from p o s s ib le  u se .
Although Beck r u le d  out th e  use of th e  h ip  j o i n t  because i t  y ie ld e d  
a  f a i r l y  f l a t  f l i g h t  p a th ,  no evidence was given t h a t  th e  i d e n t i f i c a t i o n  
o f  body landmarks d u rin g  th e  p i l o t  s tudy o r f i n a l  d a ta  c o l l e c t i o n  was 
c o n t r o l l e d .  H o r iz o n ta l  and v e r t i c a l  l i n e s  drawn th rough  th e  h ip  j o i n t  
served  as r e f e r e n t  axes from which th e  c a lc u la te d  c e n te r  o f  g r a v i ty  was 
lo c a te d .  With only s l i g h t  d e v ia t io n ,  th e  c e n te r  o f  g ra v i ty  d u r in g  th e  
run was found a n t e r i o r  and s u p e r io r  to  th e  h ip  j o i n t .  U n fo r tu n a te ly ,  
th e  a c tu a l  h o r i z o n ta l  and v e r t i c a l  d i s ta n c e s  o f  th e  c e n te r  o f  g ra v i ty  
from th e  h ip  j o i n t  were not g iven .
Teeple (5 2 ) ,  w ith  th e  a id  of a computer program, a lso  used th e  
segm ental method to  f i n d  th e  c e n te r  o f  g ra v i ty  in  female ru n n e rs .  More 
r e c e n t ly ,  O sterhoudt ( 50) s e le c te d  th e  h ip  j o in t  as  r e p r e s e n t a t iv e  of 
th e  c e n te r  o f  g r a v i ty ,  w hile  F en n 's  ( 28) weight c e n te r  lo c a t io n  was 
s l i g h t l y  s u p e r io r  to  th e  h ip  j o i n t .  An a d a p ta t io n  o f  P a lm e r 's  formula 
was used  by Clouse (47) f o r  he r  s tudy  o f p reschoo l boys. Morton ( 9) 
indicated that because th e  b o d y 's  weight c e n te r  was so c lo se  to  th e  h ip  
j o i n t s ,  man's b ip e d i l ism  was predom inantly  an i n t e r a c t i o n  between th e  
fo rc e  o f  g ra v i ty  and man's lower e x t r e m i t i e s .  His locomotion s tu d ie s  
o f  w alking co n s id e red  th e  h ip  j o i n t  as th e  b o d y 's  c e n te r  o f  g r a v i ty .
In  summary, i t  may be seen t h a t  i n v e s t i g a to r s  have used  v a r io u s
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methods to  determ ine  th e  lo c a t io n  o f th e  c e n te r  o f  g ra v ity  o f  th e  s tan d ­
in g  body. As i t  i s  d i f f i c u l t  to  f in d  th e  w eight c e n te r  in  th e  moving 
body, th e  h ip  jo in t  h as  a p p a re n tly  been j u s t i f i a b l y  used  to  re p re se n t 
t h i s  lo c a t io n  when s tu d y in g  ru n n e rs  in  th e  s a g i t t a l  p la n e . Because some in ­
v e s t ig a t io n  sugg ested  th a t  th e  c e n te r  o f g ra v ity  was a n te r io r  and su p er­
io r  to  th e  h ip  j o i n t ,  th e  a n te r io r  s u p e r io r  i l i a c  c r e s t  might a lso  serv e  
as  r e p re s e n ta t iv e  o f th e  b o d y 's  w eight c e n te r .
SUMMARY
A review  o f l i t e r a t u r e  from p a s t to  p re se n t d e p ic ts  a  p ro g re s s iv e  
improvement in  te ch n iq u es  to  so lv e  e s s e n t i a l ly  th e  same problem s in  under­
s ta n d in g  th e  m echanics o f ru n n in g . While th e  c o n ta c t phase in  run n in g  
has been s tu d ie d  in  some d e t a i l  as  a  sub-problem , seldom was i t  th e  focus 
o f o b se rv a tio n . ’C hile s p e c u la tio n  co n tin u es  on th e  e f f e c t  o f speed on 
v a rio u s  b iom echanica l f a c to r s ,  th e re  i s  a demand f o r  re s e a rc h  in  which 
ru n n in g  v e lo c i ty  changes a re  c o n tro l le d  w ith in  in d iv id u a ls .
I n v e s t ig a to r s  have f re q u e n tly  s tu d ie d  c h ild re n  in  developm ental 
s tu d ie s  and a lso  members o f  p h y s ic a l ed u ca tio n  c la s s e s ,  however th e  
s k i l l e d  ru n n e r has been r e l a t i v e l y  n e g le c te d .
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CHAPTER III
METHODOLOGY
T his s tu d y  was made in  an e f f o r t  to  determ ine th e  e f f e c t  o f v e lo ­
c i t y  changes on fo o t p lacem ent, th e  an g le  o f  body le a n , and th e  segm ental 
in c l in a t io n s  o f th e  upper le g , th e  low er le g , and th e  fo o t d u rin g  th e  
c o n ta c t phase in  ru n n in g .
In  t h i s  c h a p te r  i s  found a  p re c is e  d e s c r ip t io n  o f each s ta g e  in ­
volved  in  tn e  ex ecu tio n  o f t h i s  s tu d y .
GENERAL PROCEDURES
T his in v e s t ig a t io n  c o n s is te d  of a c in em ato g rap h ica l a n a ly s is  o f 
s k i l l e d  ru n n e rs  d u rin g  th e  c o n ta c t phase . Each ru n n er was film ed  in d iv ­
id u a l ly  w hile  ru n n in g  a t  maximum and two submaximum v e l o c i t i e s .  The f ilm  
was th en  analyzed  fo r  s e le c te d  b iom echanical f a c to r s  a t  th re e  v e lo c i t i e s .
The s ta g e s  o f  th e  s tudy  were as fo llo w s: s e le c t in g  s u b je c ts ,  d e t­
erm in ing  v e l o c i t i e s ,  c o l le c t in g  d a ta  and an a ly z in g  d a ta . A ll p rocedu res 
were c a r r ie d  out a t  th e  U n iv e rs ity  o f  W indsor.
SUBJECTS
The s u b je c ts  used  in  t h i s  s tudy  were v o lu n te e rs  from th e  under­
g rad u a te  and g rad u a te  P h y s ic a l and H ealth  E ducation  programs a t  th e  
U n iv e rs ity  o f  W indsor. A ll ru n n e rs  were a ls o  members o f  th e  U n iv e rs ity  
Track Team and one su b je c t had re p re se n te d  Canada in  Olympic c o m p e titio n . 
S u b je c ts  were s e le c te d  on th e  b a s is  o f re c e n t co m p etitio n  in  and t r a in in g  
fo r  h igh  c a l ib e r  t r a c k  e v e n ts . The age o f  th e  s u b je c ts  ranged  from 20 to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
20
30 y e a rs  w ith  a  mean age o f 23 .3  y e a r s .  D ata on th e  speed o f th e  s u b je c ts  
may be found in  Appendix B, page 79 ♦
DETERMINING RUNNING VELOCITIES
By means o f tim e t r i a l s  th e  maximum v e lo c i ty  o f  each ru n n e r was 
found. F in d in g  maximum v e lo c i ty  was n e ce ssa ry  to  determ ine th e  submax­
imum v e lo c i t i e s  which were c a lc u la te d  as  p e rcen tag es  o f t h i s  v e lo c i ty  
fo r  each s u b je c t .  The p e rcen tag es  o f  maximum v e lo c i ty  se rv ed  as  a  means 
o f d is c r im in a tin g  changes in  b iom echanical f a c to r s  s tu d ie d  d u rin g  th e  
c o n ta c t phase .
Time T r ia l s
Four s p r in t s  o f 100 y a rd s  d is ta n c e  were perform ed by th e  s u b je c ts  
ru n n in g  in d iv id u a l ly  a t  maximum speed . To a ttem p t to  e lim in a te  th e  pro­
blem o f s k i l l  f a c to r  in  s t a r t i n g ,  th e  s u b je c ts  had a  f iv e  y a rd  ru nn ing  
s t a r t ,  bu t were tim ed from th e  in s ta n t  th ey  passed  th e  s t a r t i n g  l in e .  A 
10 m inute reco v ery  p e rio d  was a l l o t t e d  between t r i a l s .
In  a d d it io n , th e  s u b je c ts  were tim ed d u rin g  th e  4 t r i a l s  a t  d i f ­
f e r e n t  s e le c te d  10 y ard  in t e r v a l s .  P h y s ic a l ed u ca tio n  s tu d e n ts ,  exper­
ien ced  w ith  stopw atches, reco rd ed  th e  tim e fo r  ru n n e rs  to  pass each i n t ­
e rv a l  end m arker. Two tim e rs  were s ta t io n e d  a t  each in te r v a l  m arker and 
th e  mean tim e from th e  two re a d in g s  was re c o rd ed . I n te r v a l  tim es were 
found by s u b tra c t in g  th e  tim e reco rd ed  fo r  th e  s t a r t  of th e  in te r v a l  
from th a t  re co rd ed  f o r  th e  end o f th e  i n t e r v a l .  The low est mean tim e to  
com plete a 10 y a rd  in te r v a l  was used  to  c a lc u la te  each ru n n e r 's  maximum 
v e lo c i ty .  The lo c a t io n  a long  th e  tr a c k  in  which a  ru n n e r ach ieved  max­
imum v e lo c i ty  d u rin g  an a l l - o u t  e f f o r t  in  th e  hundred-yard  dash was a lso  
determ ined  so th a t  t h i s  v e lo c i ty  could  be b e s t d u p lic a te d  d u rin g  f ilm in g .
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Submaximum Velocities. Sixty-six and 33 percent of each runner's 
maximum speed were arbitrarily selected as submaximum speeds. These 
speeds were used to set the speed-pacer for each runner.
DATA COLLECTION
The collection of data by means of high speed photography involved 
the use of photographic equipment and speed-pacer, the identification of 
subjects, the use of measurement controls and anthropometric identific­
ation.
Photographic Equipment
The electrically driven, 16 millimeter camera,(HY-CAM, Model 
K20S4E) used in this study was set to run at 320 pictures per second.
This speed permitted detailed observation of contact. To reduce parallax 
the camera was fitted with a telephoto lens and positioned 75 feet from 
the center of the running lane and perpendicular to the path of motion.
The camera, mounted on a Hercules tripod, was set to film the left side 
of the body, and was adjusted so that the center of the lens was 36.5 
inches above the ground. Five hundred feet of Kodak Tri-X Reversal Film 
(Type 7278) with an ASA of 200 were required for filming 9 subjects. To 
ensure proper camera speed the camera was started before the runner 
entered the photographic view. Optimal weather permitted excellent light­
ing for filming.
Speed-Pacer. To enable runners to maintain submaximum velocities 
during filming, a speed-pacer was utilized. A white cord with black 
sponge markers was drawn over pulleys, one of which was driven by an 
electric drill which was connected to a variable transformer to serve
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as  a  p a c e r . (See F ig u re  1, page 24) The p u lle y s  were 4 f e e t  above th e  
ground and th e  co rd  was s t r e tc h e d  107 f e e t  a lo n g  th e  t r a c k  to  run  b e s id e  
th e  ru n n e r . Each s u b je c t was in s t r u c te d  to  m ain ta in  a  c o n s ta n t d is ta n c e  
between h im se lf  and one o f s e v e ra l  b lack  m arkers spaced a t  eq u al i n t e r ­
v a ls  a lo n g  th e  co rd . A number o f  p r a c t ic e  t r i a l s  were perform ed a t  each 
submaximum speed b e fo re  f i lm in g  so th a t  ru n n e rs  would fo llo w  th e  sp eed - 
p a ce r w ith o u t d i f f i c u l t y .
The sp eed -p acer was guaged f o r  speeds from 3 .2  to  27 .0  f e e t  p e r 
second. The pacer was c a l ib r a t e d  to  in s u re  submaximum speeds fo r  b o th  
th e  p r a c t ic e  and f i lm  t r i a l s .  C a l ib ra t io n s  were perform ed by u s in g  a 
stopw atch  to  measure th e  tim e f o r  th e  sponge m arkers to  t r a v e l  a  f ix e d  
d is ta n c e .
S u b jec t I d e n t i f i c a t io n
W ith in  th e  pho tograph ic  f i e l d ,  two s e ts  o f  m arker c a rd s  in d ic a te d  
th e  t r i a l  number and th e  number a ss ig n ed  to  each s u b je c t .
O rig in  and S cale  F a c to r
An o r ig in  was e s ta b l is h e d  by p la c in g , in  th e  bottom  l e f t  hand 
co rn e r o f th e  f ilm in g  a re a , a  long  w hite  board  w ith  a th in  b lack  c ro s s . 
The o r ig in ,  formed by th e  in te r s e c t io n  o f th e  v e r t i c a l  and h o r iz o n ta l  
b la ck  l i n e s ,  was l a t e r  used  as a  re fe re n c e  p o in t from which a l l  coord­
in a te s  were m easured f o r  each frame of f i lm . The w hite  background formed 
by 4 sh e e ts  o f plywood ( 4 X 8  f e e t )  co n ta in ed  b lack  m arkings 1 fo o t in  
le n g th  placed, a t  two fo o t i n t e r v a l s .  These m arkings were n e ce ssa ry  to  
c a lc u la te  th e  r a t i o  o f r e a l  to  p ro je c te d  le n g th .
A nthropom etric  Landmarks
To f a c i l i t a t e  a c c u ra te  lo c a t io n  o f th e  j o in t s  and o th e r  a n th ro -
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pom etric  landm arks, m arkings, c o n s is t in g  o f b lack  sq u ares  o f  e l e c t r i c i a n 's  
ta p e  on w h ite  adhesive  ta p e , were p laced  on th e  su rfa c e  o f th e  sk in  d i r ­
e c t l y  over th e  landm ark. These m arkings were p laced  on: th e  a n te r io r
s u p e r io r  i l i a c  c r e s t ,  th e  g r e a te r  t r o c h a n te r ,  th e  l a t e r a l  fem oral condyle 
and th e  l a t e r a l  m a lle o lu s , as shown in  F ig u re  2, page 25. In  a d d i t io n , 
b la ck  m arkings were p laced  on th e  tra g u s  a s  w e ll as  th e  to e  o f  th e  fo o t­
wear o f  th e  ru n n e r. Minimal c lo th in g  was worn so t h a t  a l l  m arkings 
would be p la in ly  v i s ib l e  d u rin g  f i lm  a n a ly s is .  A ll ru n n e rs  wore ra c in g  
swim s u i t s ,  w ith  th e  s id e s  r o l l e d ,  and t r a c k  sp ik e s . No socks o r s h i r t s  
were worn.
DATA ANALYSIS
D ata were e x tra c te d  from s e le c te d  f ilm  s e c tio n s  c o n ta in in g  th e  
c o n ta c t phase a t  th e  th re e  v e lo c i t i e s .
Film A n a ly sis
A frame by frame a n a ly s is  was perform ed on each ru n n e r a t  th e  
th re e  v e lo c i t i e s  b eg in n in g  w ith  one frame b e fo re  c o n ta c t o f th e  l e f t  fo o t 
and end ing  a  few fram es a f t e r  e f f e c t iv e  c o n ta c t .  The number o f  fram es 
an a ly zed , th e n , v a r ie d  from ru n n er to  ru n n e r and d ecreased  w ith  an in ­
c re a se  in  v e lo c i ty .  As few as  5 fram es f o r  maximum v e lo c i ty  and as many 
as  35 fram es f o r  th e  s low est v e lo c i ty  were examined. A n a ly sis  c o n s is te d  
o f d e r iv in g  th e  v e r t i c a l  and h o r iz o n ta l  c o o rd in a te s  o f th e  an atom ica l 
landm arks a s  w e ll as th e  p o in t o f  c o n ta c t . The p a r t  o f th e  fo o t which 
c o n tac te d  th e  ground was a ls o  re c o rd ed . Each d a ta  sh ee t f o r  each frame 
was c l a s s i f i e d  acco rd in g  to  i t s  frame number determ ined  from an a r b i t r a r ­
i l y  s e le c te d  zero  fram e.
















SUBJECT RUNNING THROUGH PHOTOGRAPHIC FIELD
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FRAME NO = 7725 RUNNER 
CONTACT TO CREST DISTANCE 
CONTACT TO HIP DISTANCE = 
VELOCITY * 66 $  MAXIMUM




( i l i a c  c r e s t ) y
( g r e a te r  t ro c h a n te r )
( l a t e r a l  fem oral condyle)
( l a t e r a l  m a lleo lu s)
( to e )  ® W p0^n-t; Qf c o n ta c t)
(O rig in )
60.00 80.00 120.00100.0040.0020 .00
RUNNING DISTANCE 
( in ch es)
FIGURE 2
THE USE OF ANTHROPOMETRIC LANDMARKS 
IN COMPUTER PLOTTING
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A n a ly sis  Equipment. The Vanguard Motion A nalyzer used  in  t h i s  
a n a ly s is  was composed o f  an M-16 p ro je c t io n  head and a  C-11M p r o je c t io n  
case  w ith  an A-11 ang le  sc re e n . M ag n ifica tio n  o f f i lm  s iz e  to  th e  viewed 
image was 2JX and d i s to r t i o n  f r e e  w ith in  -J- o f one p e rc e n t. V e r t ic a l  and 
h o r iz o n ta l  c r o s s h a i r s ,  p o s it io n e d  by moving handw heels, p rov ided  X and Y 
c o o rd in a te s  which cou ld  be read  from a  m icrom eter read o u t window. Coord­
in a te s  cou ld  be re a d  to  th e  n e a re s t  .001 in c h . A ll measurem ents were 
made from th e  o r ig in  in  th e  l e f t  hand co rn e r o f  th e  s c re e n . The a n a ly z e r  
p e rm itte d  fo c u s in g , lo ck in g  o f each frame in to  th e  same p o s i t io n  as  th e  
p rev io u s  fram e, s in g le  frame advance and frame co u n tin g .
D eterm ination  o f  A ctual Camera Speed. The camera was s e t  to  run 
a t  320 p ic tu r e s  p e r  second. To p re c is e ly  determ ine camera speed , a tim in g  
l i g h t  w ith in  th e  camera was connected  to  a  p u lse  g e n e ra to r  to  f i r e  a t  10 
p ip s  p e r  second. The tim in g  l i g h t  l e f t  a  sm all w h ite  dot on th e  edge o f 
th e  f i lm . True frame r a te  was found by m u ltip ly in g  th e  number o f fram es 
betw een two p ip s  by 10. C a lc u la tio n s  o f s e le c te d  f ilm  s e c t io n s  r e s u l te d  
in  a  mean frame r a t e  o f 308.1 p ic tu r e s  p e r second.
Methods o f C a lc u la tio n
C o o rd in a tes  from each o f th e  an th ro p o m etric  landm arks and th e  
p o in t o f c o n ta c t were found u s in g  th e  Vanguard M otion A n alyzer. These 
c o o rd in a te s  were th en  fe d  in to  th e  computer which which was programmed 
to  f in d  th e  h o r iz o n ta l  d is ta n c e  from th e  p o in t o f c o n ta c t to  th e  re p re ­
s e n ta t iv e  c e n te r  o f g r a v i ty ,  th e  ang le  o f body le a n , th e  ang le  o f th e  
upper le g , th e  ang le  o f  th e  low er le g  and th e  ang le  o f th e  fo o t .  A ll 
an g les  were measured from th e  h o r iz o n ta l .  (See F ig u re  3) A computer prog­
ram was designed  to  determ ine  th e se  v a lu e s . In  a d d i t io n ,  th e  computer was













































FRAME NO = 7726 RUNNER 7 
CONTACT TO CREST DISTANCE = 15.426 
CONTACT TO HIP DISTANCE = 16.722 
VELOCITY = 66 t  MAXIMUM PETER MCLEOD
Angle o f Upper Body
Angle o f  Upper Le
Angle of Lower Leg




, ( in c h e s )
FIGURE 3 
MEASUREMENT OF SEGMENTAL ANGLES
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programmed, to  p lo t  a  s t i c k  diagram  o f each ru n n er fram e by frame to  
i l l u s t r a t e  v is u a l ly  th e  r e la t io n s h ip  o f th e se  v a lu e s . The program i s  
reproduced  in  Appendix A, pages 73-77. In  th e  com puter program , 'e a r '  
r e p re s e n ts  th e  t r a g u s ,  'h i p '  r e p re s e n ts  th e  g r e a te r  t r o c h a n te r ,  'knee* 
re p re s e n ts  th e  l a t e r a l  fem oral condyle, 'a n k le ' r e p re s e n ts  th e  l a t e r a l  
m a lle o lu s  and ! c r e s t '  r e p re s e n ts  th e  a n te r io r  su p e r io r  i l i a c  c r e s t .
Film  Measurement A ccuracy. To reduce e r r o r  in  measurem ent, 
c o o rd in a te s  tak en  f o r  a l l  body landm arks were m easured tw ic e . S u b sc r ip ts  
'1 * and '2 '  were used  f o r  th e  f i r s t  and second re a d in g  o f each landm ark. 
The com puter was programmed to  c a lc u la te  th e  mean o f th e se  two m easures. 
I f  th e  two re a d in g s  d i f f e r e d  by .009 in c h , a t h i r d  re a d in g  was made.
T his e r r o r  a llow ance i s  very  sm all when u s in g  th e  Vanguard Motion A nal- 
z e r .  Even though re a d in g  d if f e r e n c e s  seldom reached  t h i s  maximum a llow ­
ance, t h i s  e r r o r  when s c a le d  to  a c tu a l  s iz e  amounted to  only  .315 in c h .
R e p re se n ta tiv e  C enter o f G ra v ity . The m arker on th e  g re a te r  t r o ­
c h a n te r  served  as an an atom ica l landmark r e p re s e n ta t iv e  o f th e  c e n te r  o f 
g ra v ity  o f  th e  body. In  a d d i t io n ,  th e  a n te r io r  s u p e r io r  i l i a c  c r e s t  
served  as a  secondary e s tim a te d  c e n te r  o f  g r a v i ty .  Measurements were 
tak en  by s u b tr a c t in g  th e  a b s c is s a  o f th e  c o n tac t p o in t from th e  a b s c is s a  
o f each o f th e se  lo c a t io n s .  When p lo t te d ,  a v e r t i c a l  l in e  was dropped 
from b o th  o f th e  r e p re s e n ta t iv e  c e n te rs  o f g ra v ity .
P o in t of C o n tac t. The v a lue  fo r  th e  a b s c is s a  o f th e  p o in t of 
c o n ta c t was co n sid e red  as th e  mid—p o in t o f th e  su rfa c e  a re a  o f _the fo o t 
to u ch in g  th e  ground. The p o s i t io n  o f th e  m id -po in t v a r ie d  th roughou t 
c o n tac t and was measured as  fo llo w s:
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P o in t o f C ontact = C ontact X1 + C ontact x2
2
The a b s c is s a s  and X^ re p re se n t th e  a n te r io r  and p o s te r io r  extrem es 
re s p e c t iv e ly  o f  th e  c o n ta c t s u r fa c e .
Angle o f Upper Body Lean. The ang le  o f  body le a n , co n sid e red  as 
th e  hypoteneuse jo in in g  th e  tra g u s  to  th e  g r e a te r  t r o c h a n te r ,  was comp­
u te d  by u s in g  th e  tr ig o n o m e tr ic  ta n  fu n c tio n  as th e  d if f e r e n c e  in  Y 
c o o rd in a te s  d iv id e d  by th e  d if f e r e n c e  in  X c o o rd in a te s . C a lc u la tio n s  
were made as  fo llo w s:
Ear Y^  + Ear -  Hip Y,j -  Hip Y 
Upper Body Angle .  Aro Tan ^  t  ^  ■ _ H. p ^  _ g lp  ^
The ang le  o f upper body le an  can be found in  Appendix B, page 82.
The Angle o f  th e  Upper Leg. The hypoteneuse jo in in g  th e  g r e a te r
t ro c h a n te r  to  th e  l a t e r a l  fem oral ep icondy le  formed th e  an g le  o f th e
upper le g . The method o f c a lc u la t io n  appears  below:
Hip Y1 + Hip Y2 -  Knee Y1 -  Knee Yg
Angle o f  Upper Leg =, Aro Tan j j .p ^  + :  K ^ e e T ,- - ' I t o e e  X’
The ang le  o f  th e  upper le g  may be found in  Appendix B, page 83*
The Angle o f th e  Lower Leg. The ang le  o f th e  low er le g  was formed
by th e  hypoteneuse jo in in g  th e  l a t e r a l  fem oral ep icondy le  to  th e  l a t e r a l  
m a lle o lu s . C a lc u la tio n s  were made as  fo llo w s:
Knee Y^  + Knee Y2 -  Ankle Y^  -  Ankle Y^
Angle o f Lower Leg = Arc Tan 1 .........  ... .—  — ■s  ° Knee + Knee X2 -  Ankle -  Ankle
The r e s u l t s  o f  th e s e  com putations may be found in  Appendix B, page 84.
The Angle o f th e  F o o t. The fo o t an g le  was re p re se n te d  by th e
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hypoteneuse jo in in g  th e  l a t e r a l  m a lleo lu s  to  th e  to e  and was c a lc u la te d  
a s  fo llo w s ;
Ankle Y + Ankle Y_ -  Toe Y. -  Toe Y2
Angle of Foot = Arc Tan — r:------------ r-r;— z------- s--  ----- =--—& Ankle + Ankle -  Toe X1 -  Toe X2
Foot an g le  d e te rm in a tio n s  a re  re co rd ed  in  Appendix B, page 85 .
STATISTICAL PROCEDURES
One-way a n a ly s is  o f v a r ia n c e , re p e a te d  m easures, and th e  Newman 
K euls method were th e  s t a t i s t i c a l  p rocedu res used  in  t h i s  s tu d y . Prog­
ram BMDOIV, from th e  U n iv e rs ity  o f  W indsor Computer L ib ra ry  was used  to  
perform  th e  a n a ly s is  o f v a ria n c e  t e s t s .  The Newman K euls method was 
c a lc u la te d  by means o f a  desk c a lc u la to r .
A n a ly sis  o f v a ria n ce  was computed f o r  each b iom echanica l f a c to r  
to  determ ine i f  d if f e r e n c e s  r e s u l te d  from v a r ia t io n  in  v e lo c i ty .  The 
Newman K euls method prov ided  a  r ig o ro u s  t e s t  o f  th e  s ig n if ic a n c e  between 
means. T h is p rocedure  was used  when th e  F - r a t io  reached  th e  .05  le v e l  
o f co n fid en ce .
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RESULTS
T his in v e s t ig a t io n  was conducted in  an a ttem p t to  f in d  th e  e f f e c t s  
o f  v e lo c i ty  on s e le c te d  h iom echanical f a c to r s  d u rin g  th e  c o n ta c t phase 
in  ru n n in g .
The d a ta  an a ly sed  in  t h i s  s tudy  i s  grouped under th e  fo llo w in g  
head in g s: (1 ) c in em ato g rap h ica l d e te rm in a tio n s , and (2 ) th e  e f f e c t  o f
v e lo c i ty  d u rin g  th e  c o n tac t phase.
CINEMATOGRAPHICAL DETERMINATIONS
M easures were tak en  to  f in d  v a l id  camera speed , to  b r in g  re a d in g s  
to  l i f e  s iz e ,  to  ensu re  th e  r e l i a b i l i t y  o f c o o rd in a te  re a d in g s  and to  
determ ine  th e  a c tu a l  v e lo c i ty  o f ru n n e rs  and p a ce r.
Camera Speed
Camera speed was c a lc u la te d  by means o f a  tim in g  l ig h t  f o r  th o se  
f ilm  s e c tio n s  a n a ly se d . A t r u e  frame r a t e  o f 308.13 w ith  a  s tan d a rd  
d e v ia t io n  o f 1.17 p ic tu r e s  per second was found from 75 d e te rm in a tio n s .
Film  S cale
From measurements o f th e  m arkings in  th e  background on th e  film  
as  d e sc r ib e d  on page 22, th e  r a t i o  o f r e a l  to  p ro je c te d  le n g th  was det~  
erm ined. T h is c o r re c t io n  f a c to r  was s c a le d  so th a t  one inch  on th e  
p ro je c te d  image was ecrual to  35*503 in ch es  in  a c tu a l  s iz e .
Running V e lo c ity
The v e lo c i ty  o f each ru n n e r was c a lc u la te d  from th e  number of
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fram es re q u ire d  f o r  th e  ru n n er to  t r a v e l  a d is ta n c e  o f 24 f e e t ,  de term ined  
from background m arkers . The mean speed o f th e  ru n n e rs  a t  maximum v e l­
o c i ty  was found to  be 30.1 f e e t  p e r second w ith  a  s ta n d a rd  d e v ia t io n  o f
1 .9  f e e t  p e r  second. When compared w ith  a  mean o f 30 .5  £ 3 .0  f e e t  p e r 
second determ ined  from tim e t r i a l s  i t  may be seen  th a t  th e  s u b je c ts  
a c tu a l ly  a t t a in e d  t h e i r  maximum v e lo o ity  d u rin g  f i lm in g . For 66 p e rc en t 
maximum ru n n in g  v e lo c i ty ,  th e  tim e t r i a l  d e te rm in a tio n  was 2 0 .0  i  1 .9  
f e e t  p e r second w h ile  a  mean o f 23 .8  w ith  a  s ta n d a rd  d e v ia t io n  o f 3 .3  
f e e t  p e r second was reco rd ed  from f ilm  m easurem ents. T h is would in d ic a te  
th a t  ru n n e rs  went s l i g h t ly  f a s t e r  th an  re q u ire d  d u rin g  f ilm in g .
A tim e  t r i a l  v a lu e  o f 10.1 £ 1.0 f e e t  p e r second was found fo r  
33 p e rc en t maximum and may be compared to  a  v a lu e  o f 11.7  £ 1*3 f e e t  
per second determ ined  from th e  f i lm , which in d ic a te s  th a t  h e re , to o , 
th e  ru n n e rs  went s l i g h t ly  f a s t e r  th an  re q u ire d .
C a lc u la tio n  o f a c tu a l  submaximum v e lo c i t i e s  from f ilm  m easures 
re v e a le d  th a t  s u b je c ts  a c tu a l ly  ran  p e rcen tag es  o f  78.9 and 38.9 r a th e r  
th an  66 and 33 p e rc en t o f maximum v e lo c i ty .
Speed-Pacer
From observa,tion  of th e  f ilm  i t  was seen  th a t  th e  ru n n e rs  overtook 
th e  sp eed -p acer m arkers a t  th e  end o f th e  f ilm in g  a re a .  C a lc u la tio n s  
show mean speeds o f  20 .3  and 10,5 f e e t  per second f o r  th e  sp eed -p acer 
o r mean p e rcen tag es  o f 67 .4  and 34*9 of maximum v e lo c i ty  found d u rin g  
th e  tim e t r i a l s .  These v a lu es  in d ic a te  th a t  th e  sp eed -p ace r o p e ra tio n  
was q u ite  a c c u ra te  in  r e g u la t in g  submaximum v e lo c i t i e s .
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THE EFFECT OF VELOCITY DURING THE CONTACT PHASE
In  o rd e r to  determ ine i f  ru n n in g  v e lo c i ty  a l t e r e d  th e  c o n ta c t 
phase , v a r io u s  'b iom echanical f a c to r s  were observed  a t  th r e e  s ta g e s  o f  
c o n ta c t j  i n i t i a l  c o n ta c t ,  e f f e c t iv e  c o n ta c t and c e n te r .o f  g ra v i ty  c o n ta c t .
The Angle o f  th e  Upper Body
At i n i t i a l  c o n ta c t no s ig n i f ic a n t  d if f e r e n c e  was found f o r  th e  
an g le  o f  body lean  w ith  changes in  v e lo c i ty .  As shown in  T able I ,  a t  
th e  s lo w est v e lo c i ty  th e  body d e v ia te d  on ly  s l i g h t ly  from th e  pe rp en d ic ­
u l a r .  D uring e f f e c t iv e  and c e n te r  o f g ra v i ty  c o n ta c t, however, th e  
upper body le an  was s ig n i f i c a n t ly  g r e a te r  (& ^ .0 5 )  a t  th e  maximal th an  
a t  th e  s lo w est v e lo c i ty .  I t  shou ld  be n o ted  th a t  as  v e lo c i ty  in c re a se d , 
th e  s ta n d a rd  d e v ia t io n  o f  mean ang le  a ls o  in c re a s e d , which in d ic a te s  
th a t  in d iv id u a l  d if f e r e n c e s  w ith  re g a rd  to  body le a n  a re  n o tic e a b le  as 
speed in c re a s e s , b u t a re  n o t ap p aren t a t  th e  slow er v e l o c i t i e s .
The mean an g le  o f body le an  found f o r  a l l  fram es an a ly zed  d u rin g  
c o n ta c t was 99*5 d eg rees  f o r  maximum v e lo c i ty ,  96 .3  deg rees  f o r  th e  
in te rm e d ia te  v e lo c i ty  and 94 .7  deg rees  fo r  th e  s lo w est v e lo c i ty .  Observ­
a t io n  o f T able X (See Appendix B, page 82) in d ic a te s  th a t  w h ile  some 
ru n n e rs  showed a s l i g h t  d ecrease  in  body a n g le , t h i s  was n o t a  c o n s is t ­
en t f in d in g . Some ru n n e rs  f o r  example, e x h ib ite d  a d e f in i t e  backward 
le a n  even a t  th e  h ig h e r  v e lo c i t i e s .
The Angle of The Uuper Leg
A s ig n i f ic a n t  d if f e r e n c e  (c i^ .0 1 )  between maximum and slow est 
v e lo c i ty ,  was found f o r  th e  ang le  o f th e  upper le g  a t  i n i t i a l  c o n ta c t.
T his meant th a t  th e  g r e a te r  th e  v e lo c i ty ,  th e  more h o r iz o n ta l  was th e
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TABLE I
MEAN ANGLE OP BODY LEAN AT INITIAL, EFFECTIVE AND 
CENTER OF GRAVITY CONTACT AT THREE VELOCITIES





V e lo c ity
In te rm e d ia te
V e lo c ity
Slow est
V e lo c ity F -R atio
I n i t i a l 97 .73 95.17 94.31 1.16
S tandard
D ev ia tio n 5.27 4 .9 3 3.64 N.S.
E f fe c tiv e  * 100.41 97 .24 94.33 5-13
S tandard
D ev ia tio n 3.20 4.09 3.32 **
C. 0 . G. 102.05 98.54 93.58 3.47
S tandard
D ev ia tion 4 .56 6 .24 8 .10 **
* N=7 (S u b jec t Pe. d id  no t e x h ib it  e f f e c t iv e  c o n ta c t)
** S ig n if ic a n t  a t  th e  .05  le v e l  o f confidence  
N .S. No s ig n i f ic a n t  d if f e r e n c e  between means
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upper le g  a t  c o n ta c t .  A s t a t i s t i c a l l y  s ig n i f ic a n t  d if f e r e n c e  ( d ( . 0 5 )  
was a ls o  found a t  e f f e c t iv e  c o n ta c t ,  however no d i f f e r e n c e s  e x is te d  a t  
c e n te r  o f  g ra v i ty  c o n ta c t .  Secondary a n a ly s is  re v e a le d  th a t  th e s e  d i f ­
fe re n c e s  a ls o  e x is te d  only  between maximum and slow est v e l o c i t i e s .  The 
r e s u l t s  showing an in c re a s e  in  th e  an g le  o f th e  upper le g  a t  i n i t i a l  and 
e f f e c t iv e  c o n ta c t w ith  an in c re a s e  in  v e lo c i ty  a re  a ls o  seen  in  T able I I .
The Angle o f  th e  Lower Leg
At i n i t i a l  c o n ta c t and a t  a l l  3 v e lo c i t i e s  th e  an g le  between th e  
low er le g  and th e  ground was l e s s  th an  90 deg rees in  a l l  c a se s , bu t one. 
T h is an g le  v a r ie d  w ith  d i f f e r e n t  v e lo c i t i e s ,  b u t th e  d if f e r e n c e  was no t 
s ig n i f ic a n t  except between maximum and in te rm e d ia te  v e lo c i t i e s  in  which 
case  th e  lower le g  wan c lo s e r  to  th e  p e rp e n d ic u la r  a t  maximum v e lo c i ty  
th an  a t  in te rm e d ia te  v e lo c i ty .  These r e s u l t s  a re  seen in  T able I I I ,  
page 37•
As e f f e c t iv e  c o n ta c t was d e fin e d  as  c o n ta c t in  which th e  low er 
le g  was a t  an ang le  o f  90 deg rees to  th e  ru nn ing  s u r fa c e , t h i s  p e rio d  
o f c o n ta c t was n o t a f f e c te d  by v a r ia t io n  in  v e lo c i ty .  The f a c t  th a t  th e  
s l ig h t  d e v ia t io n  from 90 deg rees  a t  e f f e c t iv e  c o n ta c t a s  seen  in  Table I I I ,  
su g g es ts  th a t  even a t  h igh  camera speeds as  used  in  t h i s  s tu d y , e f f e c t iv e  
c o n ta c t cou ld  n o t be p re c is e ly  de term ined . P a s te r  camera speeds would 
be re q u ire d  to  lo c a te  t h i s  phase e x a c tly . The a c tu a l  a n g les  o f th e  
low er le g  may be found in  Appendix B, page 84*
W ithout ex ce p tio n , th e  ru n n e r 's  fo o t was com plete ly  f l a t  when th e  
low er le g  was p e rp e n d ic u la r . I t  should  be n o ted  th a t  a t  i n i t i a l  c o n ta c t, 
th e  an g le  o f  th e  loi-rer le g  a t  s low est v e lo c i ty  f e l l  between th a t  a t  
in te rm e d ia te  and maximum v e lo c i ty .  T his was th e  only  tim e th a t  t h i s
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TABLE II
MEAN ANGLE OP UPPER LEG AT INITIAL, EFFECTIVE AND 
CENTER OF GRAVITY CONTACT AT THREE VELOCITIES





V e lo c ity
In te rm e d ia te
V e lo c ity
Slow est
V e lo c ity F -R a tio
I n i t i a l 54.60 58.67 65.25 8.41
S tandard
D ev ia tio n 4 .95 5.54 5.21 ***
E f fe c t iv e  * 59.39 61.38 67.10 4.01
S tandard
D ev ia tio n 6 .52 4.67 4 .44 **
C. 0 . G. 72 .35 73.82 72.48 0.51
S tandard
D ev ia tio n 2.59 3.75 3.24 N.S.
* N=7 (S u b jec t Pe. d id  not e x h ib it  e f f e c t iv e  c o n ta c t)
** S ig n if ic a n t  a t  th e  .05  le v e l  o f con fidence
*** S ig n if ic a n t  a t  th e  .01 le v e l  o f confidence  
N .S. No s ig n i f ic a n t  d if f e r e n c e  between means
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TABLE III
MEAN ANGLE OP LOWER LEG AT INITIAL, EFFECTIVE AND 






V e lo c ity
In te rm e d ia te
V e lo c ity
Slow est
V e lo c ity F -R a tio
I n i t i a l 87.03 79.51 83.84 7 .88
S tandard
D ev ia tio n 4 .5 0 3 .60 3.17 ***
E f fe c tiv e  * 89.91 90.27 90.28 O.69
S tandard
D ev ia tio n 0 .89 1.13 0 .28 N .S.
o • o • • 119.80 119.12 117,83 0 .38
S tandard
D ev ia tio n 3.87 5.57 4.00 N.S.
* N=7 (S u b jec t Pe. d id  no t e x h ib it  e f f e c t iv e  c o n ta c t)
*** S ig n if ic a n t  a t  th e  .01 le v e l  o f  confidence  
N .S. No s ig n i f ic a n t  d if f e r e n c e  between means
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phenomenom o c cu rred .
At c e n te r  o f  g ra v ity  c o n ta c t th e  low er le g  a n g le s  were v i r t u a l l y  
th e  same a t  a l l  v e lo c i t i e s .
The Angle o f  th e  Foot
There was no d if f e r e n c e  between th e  ang le  o f  th e  fo o t a t  any s tag e  
o f c o n ta c t among th e  th r e e  v e l o c i t i e s .  These an g les  a re  l i s t e d  in  
Table IV.
The P o s it io n  o f th e  F o o t. At maximum v e lo c i ty  a l l  ru n n e rs  f i r s t  
c o n ta c te d  th e  ground on th e  b a l l  o f th e  f o o t .  There was s l ig h t  v a r ia t io n  
in  th e  in te rm e d ia te  and slow est v e lo c i t i e s ,  however a l l  bu t one runner 
co n tin u ed  to  land  on th e  b a l l  o f th e  fo o t a t  in te rm e d ia te  v e lo c i ty ;  th a t  
ru n n er landed  w ith  a  h e e l - f i r s t  c o n ta c t .  At th e  slow est v e lo c i ty  3 run ­
n e rs  landed  w ith  o th e r  th an  b a l l  c o n ta c ts ;  two ru n n e rs  landed w ith  th e  
h e e l f i r s t  w hile  one ru n n er landed  w ith  a  f l a t  f o o t .  G en era lly , d u rin g  
h e e l c o n ta c t ,  th e  fo o t p la n ta r - f le x e d  ra p id ly ,  b r in g in g  th e  fo o t to  f u l l  
f l a t  c o n ta c t .  A l i s t  o f c o n ta c ts  fo r  a l l  ru n n e rs  i s  shown on page 88 •
In  a l l  c ases  th e  d if f e r e n c e  in  th e  p o s i t io n  o f th e  fo o t was s l i g h t .  This 
p robab ly  r e l a t e s  to  th e  f a c t  th a t  th e  ang le  o f th e  fo o t a t  c o n ta c t d id  
n o t a l t e r  w ith  a  change in  v e lo c i ty .
R e la tio n  o f C ontact to  R e p re se n ta tiv e  C en ters  o f G rav ity
C ontact was examined in  r e l a t i o n  to  th e  i l i a c  c r e s t  a s  w e ll as 
th e  g r e a te r  t ro c h a n te r .  For th e  purpose o f t h i s  s tu d y , th e  g re a te r  
t r o c h a n te r  se rv ed  as  th e  r e p re s e n ta t iv e  c e n te r  o f g r a v i ty .  S ince s e v e ra l  
in v e s t ig a to r s  a llu d e d  to  th e  a n te r io r  su p e r io r  i l i a c  c r e s t  reg io n  as a 
lo c a t io n  o f th e  bodj^'s w eight c e n te r ,  measurements were a ls o  made to  t h i s  
p o in t .  These m easures a re  shown in  Table V and Table V I, page 40.
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TABLE IV
MEAN ANGLE OP THE FOOT AT INITIAL, EFFECTIVE AND 






V elo c ity
In te rm e d ia te
V e lo c ity
Slow est
V e lo c ity F -R atio




D ev ia tio n 3.61 6 .92 120.71 N.S.
E f fe c t iv e  * 15.71 15.88 12.58 1.86
S tandard
D ev ia tio n 3 .80 2.76 4.12 N.S.
C. 0 . G. 25.46 20.05 19.94 1.42
S tandard
D ev ia tio n 8.61 7.92 5.56 N.S.
* N:*7 (S u b jec t Pe. d id  no t e x h ib it  e f f e c t iv e  c o n ta c t)
N .S. No s ig n i f ic a n t  d if f e r e n c e  between means
** S u b jec t Do. e x h ib ite d  an ang le  of 352.74 because h is  fo o t was
d o rs if le x e d  a t  i n i t i a l  c o n tac t a t  s low est v e lo c i ty .  T his r e s u l te d
in  th e  la rg e  mean fo o t ang le  and la rg e  s ta n d a rd  d e v ia t io n .
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TABLE V
MEAN HORIZONTAL DISTANCE PROM CONTACT POINT TO 
ILIAC CREST AT INITIAL AND EFFECTIVE CONTACT





V e lo c ity
In te rm e d ia te
V e lo c ity
Slow est
V e lo c ity F -R a tio
I n i t i a l 15.15 15.62 10.73 5.41
S tandard
D ev ia tio n 2 .14 2.87 4.42 **
E f fe c t iv e  * 12.02 10.33 8 .54 3.03
S tandard
D ev ia tio n 3.01 2.06 2.78 N.S.
* N=7 (S u b jec t Pe, d id  no t e x h ib it  e f f e c t iv e  c o n ta c t)
** , S ig n i f ic a n t  a t  th e  .05  le v e l  o f  confidence  
N .S. No s ig n i f ic a n t  d if f e r e n c e  between means
TABLE VI
MEAN HORIZONTAL DISTANCE FROM CONTACT POINT TO 
TROCHANTER AT INITIAL AND EFFECTIVE CONTACT





V elo c ity
In te rm e d ia te
V e lo c ity
Slowest
V e lo c ity F -R a tio
I n i t i a l 17.16 17.49 12.16 6.62
S tandard
D ev ia tio n 2 .30 2 .88 4 .34 ***
E f fe c t iv e  * 13.96 12.67 10.06 3.73
S tandard
D ev ia tio n 3 .48 1.70 2.69 **
* N=7 (S u b jec t Pe. d id  n o t e x h ib it  e f f e c t iv e  c o n ta c t)
** S ig n if ic a n t  a t  th e  .05  le v e l  o f confidence
*** S ig n if ic a n t  a t  th e  .01 le v e l  o f  confidence
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The H o riz o n ta l D is tan ce  from C ontact to  C re s t , At i n i t i a l  c o n ta c t 
th e  d if f e r e n c e  in  th e  h o r iz o n ta l  d is ta n c e  from th e  p o in t o f  c o n ta c t to  
th e  i l i a c  c r e s t  was s ig n i f i c a n t ly  l e s s  w ith  changes in  v e lo c i ty .  The 
f a s t e r  th e  ru n n in g  speed  th e  g r e a te r  th e  d is ta n c e  between th e  p o in t o f  
c o n ta c t and th e  a n te r io r  s u p e r io r  i l i a c  c r e s t .  The i l i a c  c r e s t  moved 
tow ards th e  p o in t o f  c o n ta c t on lan d in g  so th a t  d u rin g  e f f e c t iv e  c o n ta c t 
th e  h o r iz o n ta l  d is ta n c e  from c o n ta c t to  th e  i l i a c  c r e s t  d e c rea se d . No 
s ig n i f ic a n t  d if f e r e n c e  was found f o r  th e  th re e  v e lo c i t i e s  a t  e f f e c t iv e  
c o n ta c t .
The H o riz o n ta l P is ta n c e  from C ontact to  T ro ch a n te r . V a ria tio n  
in  v e lo c i ty  produced s ig n i f ic a n t  d if f e r e n c e s  in  th e  h o r iz o n ta l  d is ta n c e  
from p o in t o f  c o n ta c t to  t ro c h a n te r  a t  bo th  i n i t i a l  c o n ta c t ( d < . 05) and 
a t  e f f e c t iv e  c o n ta c t (<£■(.01). Secondary a n a ly s is  showed th a t  th e se  . 
d if f e r e n c e s  e x is te d  between maximum and slow est v e lo c i t i e s  and in term ed­
i a t e  and slow est v e lo c i t i e s  a t  i n i t i a l  c o n tac t and between maximum and 
slow est v e lo c i t i e s  a t  e f f e c t iv e  c o n ta c t .
SUMMARY
The r e s u l t s  o f t h i s  study  in d ic a te  th a t  d u rin g  th e  c o n ta c t phase 
v a r ia t io n s  in  v e lo c i ty  s ig n i f i c a n t ly  a l t e r e d  some b iom echan ica l f a c to r s  
w hile  no t a f f e c t in g  o th e rs .  A d e ta i le d  d is c u s s io n  o f  th e  r e s u l t s  o f t h i s  
s tu d y  i s  in c lu d ed  in  th e  fo llo w in g  c h a p te r .
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CHAPTER V
DISCUSSION
T his s tudy  has examined th e  c o n tac t phase in  ru n n in g  in  r e l a t i o n  
to  c o n tro l le d  changes in  v e lo c i ty .
T h is c h ap te r  p ro v id es  a  d is c u s s io n  o f  th e  r e s u l t s  found in  t h i s
in v e s t ig a t io n  and i s  d iv id ed  in to  th e  fo llo w in g  head in g s: (1 ) g e n e ra l
\
p ro ced u re , (2 ) th e  e f f e c t  o f  v e lo c i ty  on th e  c o n ta c t phase , and (3 ) p lo t ­
t i n g  a n a ly s is .
GENERAL PROCEDURE
S u b jec ts
Ten s u b je c ts  were o r ig in a l ly  s e le c te d  to  p a r t i c ip a te  in  t h i s
s tu d y . T his number was determ ined  on th e  b a s is  o f  th e  c o s t o f th e  film
and f ilm  p ro c e ss in g . As one su b je c t cou ld  no t be made a v a i la b le  fo r  
f i lm in g , he was o m itted  from th e  l a t e r  s ta g e s  o f  th e  s tu d y . A nother 
su b je c t was film ed  l a t e  in  th e  a f te rn o o n  and h is  r e s u l t s  were no t in c lu d ed  
in  a n a ly s is  as  l ig h t in g  d id  n o t perm it a c c u ra te  lo c a t io n  o f th e  anatom­
i c a l  landm arks.
The 8 ru n n ers  analyzed  c o n s is te d  o f a range from m arathon ru n n e rs  
to  s p r in te r s  so t h a t  t h i s  sample re p re se n te d  a  c ro s s - s e c t io n  o f ru n n ers  
from d i f f e r e n t  t r a c k  e v en ts . As most o f t h e i r  tim es f o r  th e  hundred 
y a rd  dash were under 11 seconds and th e  mean tim e was 10.69 seconds, i t  
would appear th a t  th e  s u b je c ts  cou ld  be co n sid e red  s k i l l e d  ru n n e rs .
D eterm ining  Runni ng V e lo c it ie s
A lthough h a l f  o f th e  s u b je c ts  a t ta in e d  maximum v e lo c i ty  between
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50 and 60 y a rd s  d u rin g  th e  tim e t r i a l s ,  th r e e  o f th e  s u b je c ts  reached  
t h i s  v e lo c i ty  a t  th e  40 to  50 y a rd  i n te r v a l  and one su b je c t ach ieved  
maximum speed a t  th e  60 to  70 y a rd  i n t e r v a l .  Runners s t a r t e d  e i th e r  10 
y a rd s  in  f r o n t  o f ,  o r  beh ind  th e  s t a r t i n g  l in e  so th a t  ru n n e rs  would be 
a t  maximum v e lo c i ty  a t  th e  50 to  60 y a rd  i n te r v a l  f o r  f ilm in g .
These r e s u l t s  compare fav o u rab ly  w ith  th e  f in d in g s  o f  Ik a i  ( 45) 
who examined male and fem ale s p r in te r s  o f v a ry in g  age and s k i l l .
W ilt (43) who was a ls o  in  c lo se  agreem ent w ith  t h i s  s tu d y , in d ic a te d  
th a t  s p r in te r s  reached  maximum- speed a f t e r  abouj; 6 seconds. On th e  
o th e r  hand, Powell (38) s ta t e d  th a t  th e  sm a lle r  a th le t e  reached  maximum 
v e lo c i ty  a t  approx im ate ly  40 y a rd s  w hile  th e  more pow erfu l a th le te  
a t t a in e d  to p  speed a t  about 45 y a rd s .
Submaximum V e lo c i t ie s . A lthough th e  sp eed -p acer r e p l ic a te d  th e  
ru n n e rs ' submaximum sp eeds, th e  ru n n e rs  caught up w ith , r a th e r  than  
fo llow ed  th e  sp eed -p ace r. The a c tu a l  v e lo c i t i e s  o f th e  ru n n e rs , though 
h ig h e r  th an  th e  sp eed -p ace r, s t i l l  p e rm itte d  adequate  breakdown o f max­
imum v e lo c i ty  in to  submaximum v e lo c i t i e s .  Teeple ( 52) d id  no t re p o r t  
f a s t e r  speeds by th e  ru n n ers  over th e  p a ce r, however h e r  r e s u l t s  su g gested  
s l i g h t l y  f a s t e r  speeds by th e  ru n n e rs . In c re a se d  d e v ia t io n  from pacer 
speeds appears  to  come w ith  an in c re a s e  in  v e lo c i ty .
W hile th e  in v e s t ig a t io n s  by T eeple (52) and O sterhoudt ( 50) used  
f a i r l y  s h o r t  ru n - in s  w ith  th e  sp eed -p ace r, in  an e f f o r t  to  ensure  pacer 
speeds by th e  ru n n e rs  in  t h i s  in v e s t ig a t io n  ru n n e rs  were g iven  a le a d - in  
o f over 60 f e e t  in  le n g th .
Film  Measurement S r ro r
The m otion of th e  s u b je c ts  was measured in  th e  s a g i t t a l  p la n e ,
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b u t s in c e  movements in  th e  tra n s v e r s e  and f r o n ta l  p la n es  were a lso  
p re s e n t ,  some d i s to r t io n  in e v i ta b ly  e x is te d  when c o o rd in a te s  were 
e x tra c te d  from th e  f i lm . In  a d d i t io n , i t  was observed  th a t  th e re  was 
a  s l i g h t  movement o f  th e  m arkers a t  th e  su rfa c e  o f th e  sk in  over th e  
body landm arks. T h is ap paren t movement a t  th e  h ip  and knee may have 
o ccu rred  con co m itan tly  w ith  movement o f th e  low er lim b in  th e  f r o n ta l  
p lane  and was assumed to  be a  c o n s ta n t e r r o r  from su b je c t to  s u b je c t .
Another source o f in accu racy  was in  th e  i d e n t i f i c a t i o n  o f th e  
an th ro p o m etric  landm arks on th e  f i lm . The b lack  m arker on each land ­
mark, p a r t i c u la r ly  on th e  i l i a c  c r e s t ,  was no t c le a r ly  v i s ib le  in  oc­
c a s io n a l f ilm  fram es. In  o rd e r to  overcome t h i s  problem a tem p la te  fo r  
each ru n n er was designed  to  lo c a te  th e se  ab sen t m arkers.
I t  can be n o tic e d  in  th e  con tinuous p lo t t in g  d iagram s, pages 57-59t 
th a t  o c c a s io n a lly  a  s t i c k  f ig u r e  i s  out of a lig n m en t. T h is i s  due to  
th e  s e p a ra te  fo c u s in g  of each frame o f th e  f i lm . Because t h i s  was not 
a measurement e r r o r  and happened in f r e q u e n tly , th e se  f ig u r e s  d id  not 
d i s t o r t  th e  e n t i r e  p lo t  and were overlooked when v iew ing th e  con tinuous 
p lo t t in g .
THE EFFECT OF VELOCITY ON THE CONTACT PHASE 
Upper Body Lean
The evidence from t h i s  study  su g g ests  th a t  w h ile  th e  ang le  of 
body le an  may in c re a s e  s l i g h t ly  w ith  an in c re a se  in  runn ing  v e lo c i ty ,  
t h i s  i s  no t to  th e  e x te n t sugg ested  by many w r i te r s  o f k in e s io lo g y . The 
mean body lean  a t  maximum v e lo c i ty  found in  t h i s  s tudy  was 97*57 d eg rees , 
which i s  c o n s id e ra b ly  sm a lle r  th an  th e  115 degree le an  recommended by 
Morehouse and Cooper (8 ) fo r  s p r in t in g .  The r e s u l t s  o f t h i s  in v e s t ig -
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a t io n ,  th e n , a ls o  d e v ia te  from s ta tem e n ts  by Rasch and Burke (1 1 ) ,
Soule (4 2 ) , and Jen sen  and S h u ltz  (7)« T his in v e s t ig a t io n  a ls o  p a r t i a l l y  
c o n tr a d ic ts  th e  f in d in g s  o f O sterhoud t ( 50) who showed th a t  a t  c o n ta c t ,  
body le an  in c re a se d  as speed in o re a se d .
The r e l a t i v e l y  e re c t  p o s i t io n  o f th e  tru n k  f o r  a l l  ru n n in g , recom­
mended by Slocum and James ( 41) and Dyson (6 ) would be su p p o rted  in  t h i s  
s tu d y , p a r t i c u la r ly  fo r  th e  slow er ru n n in g  v e lo c i t i e s .  These r e s u l t s  
a ls o  support th o se  by Teeple ( 52) who, u s in g  th e  l in e  jo in in g  th e  e a r  
and h ip  as th e  an g le  o f body le a n , found mean upper body a n g le s  o f 99*41» 
96.41 and 95«07 deg rees  fo r  maximum, in te rm e d ia te  and slow est speeds 
re s p e c t iv e ly .
I t  appears  from th e  ev idence g a th e red  in  t h i s  in v e s t ig a t io n  th a t  
body lean  ang le  changes d u rin g  th e  c o n ta c t phase. At th e  i n i t i a l  c o n tac t 
s ta g e  no s ig n i f ic a n t  d if f e r e n c e  was found in  th e  ang le  o f body lean  w ith  
d i f f e r e n t  v e lo c i t i e s ,  bu t a t  o th e r  s ta g e s  o f c o n tac t forw ard  body lean  
in c re a se d  s ig n i f i c a n t ly  w ith  an in c re a s e  in  v e lo c i ty .  T his r e la t io n s h ip  
i s  shown in  F ig u re  4» One su g g es tio n  fo r  t h i s  f lu c tu a t io n  in  body lean  
d u rin g  th e  c o n tac t phase might be th a t  i t  r e s u l t s  from s l ig h t  ro ck in g  
a c t io n  o f  th e  upper body over th e  c o n ta c tin g  fo o t as th e  upper body 
'c a tc h e s  u p 1 w ith  th e  low er lim bs.
A nother p o s s ib le  e x p la n a tio n  i s  th a t  i t  i s  r e l a t e d  to  th e  t r a n s f e r  
o f fo rc e . S ince , a t  th e  i n i t i a l  c o n ta c t s ta g e , no s ig n i f ic a n t  d if f e r e n c e  
in  ang le  o f body le a n  was found w ith  an increase in  v e lo c i ty ,  i t  might 
seem p la u s ib le  th a t  no forw ard  le a n  i s  re q u ire d  w h ile  th e  body i s  e x e r t ­
in g  minimal o r no fo rc e  upon th e  ground, as  in  f l i g h t .  D uring l a t e r  
s ta g e s  o f c o n ta c t ,  however, in  which fo rc e  i s  a p p lie d  to  th e  ground, 
body le a n  might assume b iom echan ica l im portance, p o s s ib ly  in  a b so rp tio n
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o f  impact o r  in  fo rw ard  p ro p u ls io n  o f  th e  hody in  th e  e a r ly  s ta g e s  o f  
t a k e - o f f .
While i t  would seem t h a t  t h i s  s l i g h t  in c re a s e  in  forward le an  i s  
im p e rc e p t ib le  to  th e  naked eye, th e  e x te n t  of forward le an  f o r  a l l  run­
n in g  phases may be d i s t o r t e d  by observ ing  runne rs  only d u r in g  th e se  l a t e r  
s ta g e s  of c o n ta c t ,  as  Dyson (6) sugges ted .
Angle o f  th e  Upper Leg
In  t h i s  i n v e s t i g a t i o n ,  th e  ang le  o f  th e  upper l e g  became more 
h o r i z o n ta l  a t  c o n ta c t  w ith  an in c re a s e  in  v e lo c i ty .  This r e l a t i o n s h i p  
i s  shown i n  F igure  5» Although h e r  s u b je c t s  may have been too  young 
to  compare w ith  th e  runne rs  used  in  t h i s  s tudy , Clouse (47) a l s o  found 
th a t  w ith  in c re a s e d  runn ing  s k i l l ,  th e  ang le  o f  th e  th ig h  approached a 
more h o r iz o n ta l  p o s i t io n  a t  c o n ta c t .
As can be seen from F igure  3, page 27, th e  ang le  o f th e  upper le g  
could be cons ide red  as a  measure o f  k n e e - l i f t .  During the  c o n tac t  phase, 
o f  cou rse , th e  knee i s  be in g  lowered from a peak h e ig h t  and th e  ang le  o f  
th e  upper l e g  j u s t  p r i o r  to  i n i t i a l  co n tac t  i s  in c r e a s in g  from a minimum 
v a lu e .  With t h i s  in  mind, th e  r e s u l t s  o f  t h i s  s tudy  g ive an in d ic a t io n  
o f  g r e a t e r  k n e e - l i f t  w ith  in c re a s in g  v e lo c i ty  p rev ious  to  th e  moment of 
c o n tac t  and support th e  r e s u l t s  of Deshon and Nelson (22) and F ortney  (49) 
who examined k n e e - l i f t  d u ring  o th e r  s tag e s  of th e  runn ing  p a t t e r n .
Teeple (5 2 ) ,  however, found low c o r r e l a t i o n s  between ang le  of le g  l i f t  
and runn ing  v e lo c i ty .
Angle o f  th e  Lower Leg
At i n i t i a l  c o n tac t  th e  ang le  of th e  lower l e g  ranged from approx­
im a te ly  74 to  91 d eg rees .  Only one runne r  e x h ib i te d  a lower le g  angle
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g r e a t e r  th an  90 degrees  and only  one runner y ie ld e d  a  lower l e g  ang le  
o f  l e s s  th an  77 deg rees .  This  i s  shown in  F igu re  6.
T eeple  (5 2 ) ,  i n  c lo se  agreement w ith  t h i s  s tudy  found t h a t  a t  
touchdown, th e  ang le  o f  th e  lower le g  was approx im ate ly  80 to  90 d eg rees ,  
O sterhoudt ( 50) r e p o r te d  t h a t  th e  ang le  o f  touchdown was between 80 to  
90 deg rees  f o r  submaximum v e l o c i t i e s  and t h a t  t h i s  ang le  was g r e a t e r  w ith  
h ig h e r  speeds. While Hogberg (30) in d ic a te d  t h a t  th e  ang le  o f  touch­
down was v e r t i c a l ,  Fenn ( 27) r e p o r te d  a  mean ang le  o f  76 .5  d eg rees .  
H ogberg 's  f in d in g s  d is a g re e  w ith  o th e r  i n v e s t ig a t i o n s  p o s s ib ly  because 
h i s  a n a ly s i s  was performed u s in g  a  t r e a d m i l l .  The d isc rep an cy  found in  
F en n 's  s tudy  may be r e l a t e d  to  an i n a b i l i t y  to  de term ine  i n i t i a l  c o n tac t  
when v i s io n  of th e  co n tac t  fo o t  was hidden by th e  l a t t i c e - w o r k  c o n s tru c ­
t i o n  used  in  h i s  s tu d y . Another p o s s i b i l i t y  i s  t h a t  runn ing  s t y l e  may 
have changed s u f f i c i e n t l y  in  th e  l a s t  50 y e a r s  to  e f f e c t  th e  ang le  of 
th e  lower le g .
The mean ang le  of th e  lower le g  a t  c e n te r  o f  g r a v i ty  c o n ta c t ,  
when th e  g r e a t e r  t ro c h a n te r  was d i r e c t l y  over th e  p o in t  of c o n ta c t ,  was 
alm ost i d e n t i c a l  f o r  a l l  v e l o c i t i e s .  As th e  upper le g  d u r in g  t h i s  s tag e  
e x h ib i te d  t h i s  same phenomenom, t h i s  may be an in d ic a t io n  f i r s t ,  o f  th e  
co n s is te n c y  of segmental i n c l i n a t i o n  o f  th e  upper and lower l e g  d u r in g  
th e  d r iv in g  phase of v a ry in g  v e l o c i t i e s  in  runn ing , and second, a sug­
g e s t io n  o f  the  b iom echanica l co n s is te n cy  of a l l  runn ing .
After finding that runners lost momentum during foot contact,
Fenn ( 28) in d ic a te d  that by g e t t i n g  h i s  fo o t  d i r e c t l y  under h i s  c e n te r  
o f  g r a v i ty ,  a runner might reduce t h i s  r e t a r d in g  fo r c e .  S im i la r ly ,
Slocum and Bowerman s t a t e d ,  " . . .  A sim ple fo rc e  diagram w i l l  r e v e a l  
t h a t  th e  f a r t h e r  anead of th e  body th e  fo o t  s t r i k e s  th e  ground, th e  more

















ANGLE OF LOWER LEG AT THREE CONTACT STAGES 
AT THREE VELOCITIES
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
a cu te  th e  ang le  o f  th e  le g  w ith  th e  ground and th e  g r e a t e r  th e  d e c e le ra ­
t i o n  from ground r e s i s t a n c e  . . . (40 :43)
Although i t  might seem t h a t  runn ing  e f f i c i e n c y  could  he in c re a s e d  
by lan d in g  w ith  th e  le a d in g  le g  c lo s e r  to  th e  p e rp e n d ic u la r ,  th e  r e s u l t s  
o f  t h i s  in v e s t i g a t i o n  in d ic a te  t h a t  th e re  i s  no d i f f e r e n c e  between th e  
ang le  o f th e  lower l e g  between s low est and maximum v e lo c i ty .  Teeple (52) 
who a l s o  examined a  range of run n in g  v e l o c i t i e s  found t h a t  th e  ang le  of 
touchdown was not r e l a t e d  to  runn ing  v e lo c i ty .  On th e  o th e r  hand, Deshon 
and Nelson (22) s tu d y in g  maximum v e lo c i ty  found a s t a t i s t i c a l l y  s i g n i f ­
ic a n t  r e l a t i o n s h i p  between v e lo c i ty  and th e  mean a n g l e  o f  touchdown.
I t  should  be no ted , however, t h a t  th e  ang le  of touchdown was cons ide red  
a s  th e  l i n e  jo in in g  th e  m a lleo lu s  t o  th e  c e n te r  o f  g r a v i ty  r a t h e r  than  
th e  m a lleo lu s  to  th e  knee.
P o s i t io n  o f th e  Foot
O bserva tion  o f  co n tac t  re v e a le d  th e  d i f f i c u l t y  in  a s s e s s in g  the  
most m eaningful measure o f  th e  ang le  o f  th e  f o o t .  Many runne rs  who 
landed w ith  a to e  s l i g h t l y  d o r s i f l e x e d ,  p a r t i c u l a r l y  when f i r s t  c o n ta c t ­
in g  th e  ground w ith  th e  h e e l ,  y ie ld e d  fo o t  ang les  t h a t  d id  not b e s t
d e sc r ib e  th e  i n c l i n a t i o n  o f  th e  e n t i r e  f o o t .  S e le c t io n  o f th e  so le  of
th e  fo o t ,  one a l t e r n a t e  method o f measure, might a l s o  be m is lead in g  in
th a t  l i t t l e  in fo rm atio n  would be gained  on th e  movement o f  th e  j o i n t s
du r in g  c o n ta c t .
The f in d in g s  from t h i s  i n v e s t ig a t i o n  suggest t h a t  fo o t  co n tac t  
does not n e c e s s a r i ly  become more f l a t - f o o t e d  w ith  a  decrease  in  v e lo c i ty .  
The f u l l - f o o t  co n tac t  observed by o th e r  i n v e s t i g a to r s  may have r e s u l t e d  
from th e  type  o f  runn ing  su r fa ce  used  in  t e s t i n g .  While Penn (27) had
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s u b je c t s  run on bo th  co n cre te  and t u r f ,  Hogberg (30) based h i s  observa­
t i o n s  on s u b je c t s  runn ing  on a  t r e a d m i l l .  The s u b je c ts  used  in  t h i s  
s tudy  who ran  on an a l l - w e a th e r  t r a c k  appear to  have c lo s e ly  dem onstra ted  
th e  " u n iv e r s a l ly  a p p l ic a b le  te chn ique"  d is cu s sed  by N e tt  (35) in  which 
a  b iom echanical f a c t o r  may be a p p l ie d  t o  a l l  run n in g  v e l o c i t i e s .  In  
te a c h in g  b eg in n e rs ,  f o r  example, ru n n e rs  could  be i n s t r u c t e d  to  run 
on th e  b a l l s  o f  th e  f e e t  independent o f  th e  v e lo c i ty  o r  d is ta n c e  they  
a r e  runn ing .
Contact and th e  R e p re se n ta t iv e  C enter o f  G rav ity
I f  th e  two anatom ica l landmarks, th e  i l i a c  c r e s t  and th e  g r e a t e r  
t r o c h a n te r ,  a re  co ns idered  as  r e p r e s e n t a t i v e  o f  th e  c e n te r  o f  g ra v i ty  
o f  th e  body, th en , i t  would appear t h a t  th e  evidence o b ta in ed  in  t h i s  
in v e s t ig a t i o n  might be in  o p p o s i t io n  t o  some b e l i e f s  re g a rd in g  th e  
p o s i t io n  of th e  b o d y 's  weight c e n te r  d u r in g  th e  co n tac t  phase . In  th e  
f i r s t  p la c e ,  th e  c o n tac t  fo o t  d id  no t seem i n i t i a l l y  t o  land  d i r e c t l y  
under th e  c e n te r  of g r a v i ty  o f th e  body as suggested  by W ilt (44)» but 
approx im ate ly  17 t o  12 inches  in  f r o n t  o f  th e  t r o c h a n te r .  Second, t h i s  
d is ta n c e  decreased  t o  a  mean o f approx im ate ly  12 inches  when th e  lower 
l e g  was a t  an ang le  o f 90 degrees  to  th e  runn ing  s u r fa c e .  T h ird , th e  
h o r i z o n ta l  d is ta n c e  from co n tac t  to  th e  c e n te r  o f  g r a v i ty  d id  not d ecrease  
w ith  an in c re a se  in  speed.
Evidence o f  t h i s  can be found in  F ig u res  7 and 8, pages 53 and 54, 
which in d ic a te s  t h a t  th e  slower th e  runn ing  v e lo c i ty ,  th e  c lo s e r  i s  the  
c e n te r  o f  g r a v i ty  to  th e  p o in t  o f  c o n ta c t .  O sterhoudt (50)» f i lm in g  a t  
160 frames pe r  second, measured th e  h o r iz o n ta l  d is ta n c e  from th e  h e e l  to  
th e  h ip  a t  c o n ta c t .  His r e s u l t s  supported  th e  r e s u l t s  of t h i s  s tudy  as
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FIGURE 7
HORIZONTAL DISTANCE FROM CONTACT TO TROCHANTER 
AT INITIAL AND EFFECTIVE CONTACT 
AT THREE VELOCITIES
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HORIZONTAL DISTANCE FROM CONTACT TO ILIAC CREST 
AT INITIAL AND EFFECTIVE CONTACT 
AT THREE VELOCITIES
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t h i s  d i s ta n c e  d ecreased  w ith  a  dec rea se  in  runn ing  v e l o c i t y .
I t  should  be no ted  t h a t  th e  p o in t  o f  co n tac t  (which was a  mean 
o f  th e  t o t a l  fo o t  su r fa c e  c o n ta c t in g  th e  ground) changed c o n s ta n t ly  
d u r in g  th e  c o n tac t  phase . D uring h e e l  and b a l l  c o n ta c t s ,  th e  p o in t  o f  
c o n tac t  moved forw ard  and backward r e s p e c t iv e ly  as th e  c o n tac t  phase 
p ro g re s se d .  This f a c t o r  might norm ally  be n e g le c te d  d u r in g  casu a l  
o b se rv a t io n  w ith  th e  naked eye o r  u s in g  f i lm s  tak en  a t  s low er camera 
speeds .
Because i n i t i a l l y  th e  p o in t  o f  c o n tac t  i s  ahead o f th e  c e n te r  of 
g r a v i ty ,  i t  seems conce ivab le  t h a t  th e r e  i s  a  p o t e n t i a l  p e r io d  in  which 
th e  lower limb cou ld  o f f e r  a  'p u l l i n g '  fo rc e  as  sugges ted  by Dyson ( 6 ) .  
This  concept o f  p u l l i n g  th e  body over th e  p o in t o f  c o n ta c t ,  s im i la r  to  
th e  'paw ing ' a c t io n  in  runn ing  d e sc r ib e d  by Bunn ( 2 ) ,  has been d isp u te d  
by W ilt (44) a p p a re n t ly  on th e  b a s i s  t h a t  th e  runne r  p la c e s  h i s  f r o n t  
l e g  on th e  ground d i r e c t l y  under th e  c e n te r  o f  g r a v i ty .  Although 
Penn (28) found t h a t  th e  co n tac t  p o in t  was ahead o f th e  b o d y 's  weight 
c e n te r  f o r  about 0 .03  seconds, in  t h i s  s tudy a  h ig h e r  va lue  was found.
The ev idence from t h i s  in v e s t i g a t i o n  in d i c a t e s  t h a t  t h i s  p o t e n t i a l  
p e r io d  o f p u l l  could  l a s t  from 0.052 t o  0 .072 to  0 .108 seconds f o r  th e  
th e  th r e e  v e l o c i t i e s  examined. I f  th e  p e r io d  in  which ' p u l i '  was 
e x e r te d  l a s t e d  only as long  as  th e  lower l e g  was a t  an a cu te  angle  w ith  
th e  ground, th en , t h i s  p o t e n t i a l  p e r io d  o f ' p u l i '  cou ld  l a s t  from 0.01 
to  0 .02  to  0 .03  seconds f o r  th e  f a s t e s t  to  s low est v e l o c i t i e s  examined 
in  t h i s  s tudy .
I t  would seem t h a t  such a  sh o r t  p e r io d  o f tim e would b e * n e g l ig ib le  
in  s p r i n t i n g  e v e n ts ,  however in  m arathons, i f  such a  'p u l l i n g '  fo rce  
d id  e x i s t ,  i t  appears  p o s s ib le  t h a t  th e r e  could be some c o n t r ib u t io n  to
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th e  forward motion o f th e  ru n n e r .  During th e  co n tac t  phase, th e  r u n n e r ' s  
momentum i s  l i k e l y  more im portan t th an  any p o s s ib le  'p u l l i n g '  a c t io n  in  
o rd e r  t o  b r in g  th e  ru n n e r ’ s c e n te r  o f  g r a v i ty  over th e  c o n tac t  fo o t .
PLOTTING ANALYSIS
The Ankle J o in t
A na lysis  o f  con tinuous frame by frame p l o t t i n g  of ru n n e rs  a t  a l l  
3 v e l o c i t i e s  re v e a le d  th e  im portance of th e  ank le  j o i n t  d u r in g  th e  con­
t a c t  phase. I t s  fu n c t io n  appears  t o  be tw o -fo ld ;  f i r s t ,  i n  r o t a t i o n ,  
and second, in  shod: a b so rp t io n .
R o ta t io n . In  F ig u res  9, 10 and 11, pages 57-59» i t  may be observed 
t h a t  f o r  any one v e lo c i ty ,  th e  ang le  o f  body lean  and th e  ang le  o f  th e  
upper l e g  s ta y  r e l a t i v e l y  co n s tan t  as d e p ic te d  by th e  p a r a l l e l  l i n e s  
j o in in g  th e  t r a g u s  t o  t r o c h a n te r  and th e  t r o c h a n te r  t o  th e  knee. While 
movement a t  th e  h ip  j o i n t  i s  n e g l ig ib l e ,  th e  f l e x io n  a t  th e  knee and 
p a r t i c u l a r l y  a t  th e  ank le  i s  c o n s id e ra b le .  The r o t a t i o n  o f th e  lower 
l e g  over th e  ankle  j o i n t ,  seen in  th e  computer p l o t t i n g  from one s u b je c t  
and t y p i c a l  of a l l  s u b je c t s ,  b eg in s  immediately upon c o n tac t  and co n tinues  
u n t i l  c e n te r  of g r a v i ty  c o n ta c t .  This  r e l a t i o n s h i p  may a lso  be seen in  
F igure  12, page 60.
Cooper and Glassow (3) observed r o t a t i o n  a t  th e  ank le  j o i n t  in  
Herb E l l i o t ,  who landed  w ith  a  f l a t  fo o t ,  bu t in d ic a te d  t h a t  a t  0 .03  
seconds in to  c o n ta c t ,  th e  i n i t i a t i o n  o f  ank le  ex ten s io n  p reven ted  f u r th e r  
r o t a t i o n .  A na lysis  o f  th e  p l o t t i n g  performed on th e  runne rs  in  t h i s  
s tudy  sugges ts  c o n f l i c t i n g  f in d in g s  as even a t  in te rm e d ia te  speeds ankle  
r o t a t i o n  l a s t e d  a  mean of 0 .072 seconds. F u r th e r  exam ination of l a t e r
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CONTINUOUS PLOT OF SUBJECT FROM INITIAL TO BEYOND EFFECTIVE CONTACT 
AND A DISCRETE PLOT OF CENTER OF GRAVITY CONTACT 
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CONTINUOUS PLOT OF SUBJECT FROM INITIAL TO BEYOND EFFECTIVE CONTACT 
AND A DISCRETE PLOT OF CENTER OF GRAVITY CONTACT 
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FIGURE 12
CHANGE IN SEGMENTAL ANGLES DURING CONTACT 
FOR THREE VELOCITIES
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s ta g e s  o f  co n tac t  u n t i l  t a k e - o f f  would undoubtably  i l l u s t r a t e  t h i s  
r e l a t i o n s h i p  t o  an even g r e a t e r  e x te n t .
Although Fo rtney  (49) found f le x io n  o f th e  h ip  and knee d u r in g  
th e  e n t i r e  co n tac t  phase in  good pe rfo rm ers ,  h e r  s u b je c t s  were aged from 
7 th rough  11. The evidence from runners  in  t h i s  s tudy  might suggest 
t h a t  changes in  e i t h e r  s k i l l  l e v e l  an d /o r  m a tu r i ty  cou ld  reduce bo th  
knee and h ip  f le x io n  a t  c o n ta c t .
The emphasis by Slocum and James (41) on th e  im portance o f  d o r s i -  
f l e x io n  in  le g  le n g th  ad justm ent may be m is lead in g . R ather  th an  allow ­
in g  th e  lower l e g  to  p iv o t  over one a x is  o f  th e  fo o t  as  th ey  sugges ted , 
i t  seems more l i k e l y  t h a t  double axes , one a t  th e  p o in t  o f  co n tac t  and 
th e  second a t  th e  ank le  j o i n t  a re  a c t iv e  a s  th e  body p a sse s  over th e  
c o n tac te d  s u r fa c e .
Shock A bsorp tion . By means o f ank le  r o t a t i o n ,  as seen in  th e  
s t i c k  diagram s, i t  seems t h a t  th e  ank le  may be v i t a l  in  abso rb ing  th e  
impact o f  th e  body on co n tac t  and le s s e n in g  r e s i s t a n c e  to  avo id  d e c e le ra ­
t i o n .
I n v e s t i g a t o r s  have g e n e ra l ly  re p e a te d  F en n 's  (28) c laim  t h a t  th e r e  
i s  always s l i g h t  bending of th e  knee to  b reak  th e  shock as  th e  weight of 
th e  body comes on t o  th e  f o o t ,  however l i t t l e  mention i s  made of th e  r o l e  
of th e  a n k le .  I t  would appear t h a t  th e  ank le  a c t io n  i s  more e f f e c t iv e  
p o t e n t i a l l y ,  than  th e  r e l a t i v e l y  n e g l ig ib l e  bending o f th e  knee, in  
t r a n s f e r r i n g  v e r t i c a l  t o  h o r i z o n ta l  components o f  fo rc e  upon c o n ta c t .
As th e  segmental ang le  change, of th e  upper l e g  i s  minimal, i t  appears  
t h a t  bend ing  of th e  knee i s  a  d i r e c t  r e s u l t  o f  r o t a t i o n  of th e  lower le g  
over th e  a n k le .
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Hubbard (33) f e l t  t h a t  d is ta n c e  ru n n e rs  could  avo id  so re n ess  in  
th e  c a l f  o f  th e  l e g  i f  tau g h t  t o  run f l a t - f o o t e d .  The r e s u l t s  from t h i s  
i n v e s t ig a t i o n  suggest t h a t  d u r in g  th e  s low est v e l o c i t i e s ,  when t h e r e  i s  
a  g r e a t e r  tendency f o r  f l a t - f o o t e d  c o n ta c t ,  th e  runner becomes in c r e a s ­
in g ly  dependent upon th e  ank le  f o r  a b so rp t io n  o f  im pact. During f l a t -  
fo o te d  c o n ta c t ,  when th e r e  i s  no p e r c e p t ib l e  f l e x io n  a t  th e  knee, and 
probably  very  l i t t l e  a b so rp t io n  by th e  h e e l ,  th e  ank le  must be o f  major 
im portance d u r in g  c o n tac t  to  cushion  im pact.
In te r - S tu d y  D if fe re n c es
S ev e ra l  f a c t o r s ,  no t examined in  t h i s  s tudy , may be r e s p o n s ib le  
f o r  th e  d is c re p a n c ie s  between t h i s  r e p o r t  and o th e r s .  Some of th e se  a re :  
(1 ) l i t t l e  p rev ious  i n v e s t ig a t i o n  has been made w ith  s u b je c t s  o f  sex, 
m a tu r i ty ,  s k i l l  l e v e l  and t r a i n i n g  experience  s im i la r  t o  th o se  o f  t h i s  
s tu d y , (2 )  seldom have s tu d ie s  used  h igh  speed photography o r analyzed  
d a ta  w ith  s o p h i s t i c a te d  equipment, and (3 ) few exam inations have examined 
a  wide range of run n in g  v e l o c i t i e s .
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CHAPTER VI
SUMMARY AND CONCLUSIONS
This  i n v e s t i g a t i o n  examined th e  e f f e c t  o f  v e lo c i ty  changes on 
s e le c te d  b iom echanical f a c t o r s  on s k i l l e d  runne rs  d u r in g  th e  c o n tac t  
phase.
SUMMARY
In  t h i s  s tudy , 8 male t r a c k  a t h l e t e s  were f i lm ed  w hile  running  a t  
3 v e l o c i t i e s  on an a l l -w e a th e r  t r a c k .  Focus was p laced  on th e  r e l a t i o n ­
sh ip  o f  th e  p o in t  o f  co n tac t  of the  le a d in g  fo o t  to  an th ropom etr ic  land­
marks, r e p r e s e n ta t iv e  o f  th e  c e n te r  of g ra v i ty  o f  th e  body. The o th e r  
f a c t o r s  examined were: th e  ang le  of upper body lean ; ang le  of th e  upper
leg ; th e  angle  o f  th e  lower le g  and th e  p o s i t io n  o f  th e  f o o t .
Th is  s tudy examined th e  l e f t  s id e  of th e  body in  th e  s a g i t t a l  
p lane  on f i lm  taken  a t  approxim ate ly  308 p ic tu r e s  p e r  second. A ll  t e s t i n g ,  
f i lm in g  and a n a ly s i s  were performed a t  th e  U n iv e rs i ty  o f  Windsor.
The procedures  fo llow ed to  s tudy c o n tac t  were: th e  s e l e c t i o n  of
s u b je c ts ;  th e  d e te rm in a tio n  of maximum and submaximum v e l o c i t i e s ;  a 
f i lm in g  phase in  which runne rs  were photographed a t  maximum speed and a t
f
two submaximum speeds; and a  d a ta  c o l l e c t io n  phase in  which c o o rd in a te s  
of an th ropom etric  landmarks were e x t r a c te d  from s e le c te d  f i lm  frames.
A computer program was designed to  c a l c u l a t e  th e  h o r i z o n ta l  d i s ­
tan ce  from th e  p o in t  o f  co n tac t  to  th e  r e p r e s e n ta t iv e  c e n te r s  Of g ra v i ty ,  
and to  compute th e  body segmental a n g le s .  An a n c i l l a r y  program p lo t t e d  
s t i c k  f i g u r e s  f o r  each frame analyzed  and grouped s e le c te d  frames to  
i l l u s t r a t e  th e  s e q u e n t ia l  p a t t e r n  of th e  body movement d u r in g  c o n ta c t .
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One-way a n a ly s i s  o f  v a r ia n c e  was u t i l i z e d  f o r  each biom echanical 
f a c t o r  observed to  determ ine i f  a  s i g n i f i c a n t  change occurred  a s  a  r e s u l t  
o f  an in c re a s e  in  runn ing  v e lo c i ty .  When F - r a t i o s  reached  th e  .05  le v e l  
o f  con fid en ce ,  a secondary a n a ly s i s  was performed on th e  means f o r  each 
v e lo c i ty  by u t i l i z i n g  th e  Newman Keuls method. Eoth th e  .05  and .01 l e v e l  
have been re p o r te d .
Based on th e  above a n a ly s i s  th e  fo l lo w in g  f in d in g s  were determ ined:
1. Although no d i f f e r e n c e s  e x i s t e d  a t  i n i t i a l  co n tac t  between th e  
ang le  o f  th e  upper body le an , w ith  changes in  v e lo c i ty ,  th e r e  was a s ig ­
n i f i c a n t l y  g r e a te r  body lean  w ith  in c re a se d  v e lo c i ty  d u r in g  l a t e r  s tag e s  
o f  c o n ta c t .
2. The angle  o f  th e  upper l e g  decreased  w ith  a  change from maxi­
mum to  s low est v e lo c i ty  a t  i n i t i a l  and e f f e c t iv e  c o n ta c t .
3. The ang le  o f  th e  lower le g  a t  i n i t i a l  c o n ta c t  was th e  only 
f a c t o r  t h a t  showed a  s i g n i f i c a n t  d i f f e r e n c e  between in te rm e d ia te  and 
maximum v e lo c i ty .  When th e  lower le g  was p e rp e n d ic u la r ,  th e  r u n n e r 's  
fo o t  was most com ple tely  in  co n tac t  w ith  th e  ground.
4. No s i g n i f i c a n t  d i f f e r e n c e  was found between th e  ang le  o f the  
fo o t  w ith  an in c re a se  in  v e lo c i ty  a t  th e  th re e  c o n tac t  phases examined.
5. S ig n i f ic a n t  d i f f e r e n c e s  between maximum and s low est v e lo c i ty  
and in te rm e d ia te  and slow est v e lo c i ty  were found f o r  th e  h o r iz o n ta l  d i s ­
ta n c e s  between c o n tac t  to  c r e s t  and co n tac t  to  t r o c h a n te r  a t  i n i t i a l  
c o n ta c t .  At e f f e c t i v e  c o n ta c t ,  in c re a s in g  from slow est t o  maximum v e l ­
o c i ty  produced a  s i g n i f i c a n t  d ecrease  in  t h i s  d i s ta n c e .
P l o t t i n g  a n a ly s i s  re v e a le d  th e  fo l lo w in g  o b se rv a t io n s :
1. D o rs i f le x io n  o f th e  ankle  i s  c o n s id e ra b le  a t  c o n ta c t ,  w hile  
movement about o th e r  j o i n t s  i s  minimal.
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CONCLUSIONS
W ithin th e  co n f in es  o f  t h i s  i n v e s t ig a t i o n ,  th e  fo l lo w in g  conclu­
s io n s  appear to  he j u s t i f i e d :
1. With a  decrease  in  runn ing  v e lo c i ty ,  fo o t  c o n tac t  i s  made more 
c lo s e ly  under the  r e p r e s e n ta t iv e  c e n te r  o f  g ra v i ty  ( th e  g r e a t e r  t r o c h a n te r  
and th e  i l i a c  c r e s t ) .
2. The ang le  o f  upper hody le an  may in c re a se  w ith  an in c re a s e  in  
v e lo c i ty  d u r in g  middle and l a t e r  s ta g e s  o f  c o n ta c t ,  hu t t h i s  lean  v a r i e s  
among ru n n e rs  and d e v ia te s  only s l i g h t l y  from th e  p e rp e n d ic u la r .
3. The ang le  o f  th e  upper l e g  i s  s i g n i f i c a n t l y  more h o r i z o n ta l  
in  th e  e a r ly  s ta g e s  o f  co n tac t  a t  maximum v e lo c i ty  than  a t  s low est v e lo ­
c i t y .
4 . The ang le  o f  th e  lower l e g  ranges  from approx im ate ly  74 to  91 
degrees  a t  c o n ta c t .  There i s  no d i f f e r e n c e  in  th e  mean angle  o f  touch­
down between maximum and slow est v e l o c i t i e s ,  however, in d iv id u a l  d i f f e r ­
ences a re  g re a t .
5. D o rs i f le x io n  of th e  ankle  i s  extrem ely im portan t in  cush ion ing  
th e  impact o f  th e  hody a t  i n i t i a l  c o n ta c t ,  p a r t i c u l a r l y  d u r in g  h ee l  and 
f l a t - f o o t e d  running .
6. During c o n ta c t ,  movement o f  th e  h ip  j o i n t  i s  minimal in  th e  
f r o n t a l  p lane .
Recommendations f o r  F u r th e r  Study
To broaden u n d e rs tan d in g  of th e  e f f e c t  o f  v e lo c i ty  on biomechan­
i c a l  f a c t o r s  d u rin g  c o n ta c t ,  s tudy  should be made u s in g  a  g r e a t e r  number 
o f  submaximum v e l o c i t i e s  w ith in  th e  range used in  t h i s  in v e s t ig a t i o n .
I t  may a lso  prove v a lu ab le  to  compare th e  r e s u l t s  o f  t h i s  s tudy
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t o  d a ta  o b ta in e d  from u n s k i l l e d  ru n n e rs ,  in  o rd e r  to  i s o l a t e  f a c t o r s  
r e q u i r e d  f o r  e f f i c i e n t  runn ing .
By f i lm in g  in  th e  f r o n t a l  p la n e ,  a  more complete view o f  th e  foo t 
a t  c o n ta c t  may he o b ta in ed .
F u r th e r  d e t a i l e d  a n a ly s i s  o f  th e  co n tac t  phase should  a l s o  in c lu d e  
th e  p e r io d  o f  c o n tac t  from c e n te r  o f  g r a v i ty  c o n tac t  t o  t a k e - o f f .
The f l u c t u a t i o n s  in  th e  ang le  o f  th e  upper body le an  d u r in g  th e  
c o n tac t  phase may be ev id en t  d u r in g  o th e r  runn ing  phases . Study o f t h i s  
phenomenon might c l a r i f y  p re se n t  b e l i e f s  about th e  r o l e  of body lean  in  
runn ing .
F in a l ly ,  th e  development of b e t t e r  re s e a rc h  te ch n iq u es  could a l s o  
improve d a ta  e x t r a c t i o n  in  cinem atography. For example, th e  d esign  of a 
tem p la te  t h a t  could a c c u ra te ly  lo c a te  th e  c e n te r  of j o i n t s  o r  v a r io u s  
an th ro p o m etr ic  landmarks when p laced  over a p ro je c te d  image would f a c i l ­
i t a t e  f i lm  a n a ly s i s .  S im i la r ly ,  f i lm  a n a ly s i s  would be enhanced by the  
development of a  method th a t  could  r a p id ly  determ ine th e  lo c a t io n  of 
th e  c e n te r  o f  g r a v i ty  o f  th e  moving body when some limbs a re  not in  
view.
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REAL KNEEX,KNEEY
C0MM0N/XDATA/EARX(100),HIPX(100).KNEEX( 1 0 0 ) ,A N K X (100),
1 TOEX(IOO), CRESTX( 1 0 0 ) , CONTX( 1 0 0 )
COMMON/YDATA/EARY( 1 0 0 ) ,H I P Y (1 0 0 ) , KNEEY( 1 0 0 ) , ANKY( 1 0 0 ) ,
1 TOEY (1 0 0  ) ,  CREST Y (1 0 0  ),CONTY( 1 0 0 )
DIMENSION ANGBOD( 1 0 0 ) , ANGUL( 1 0 0 ) , ANGLL( 1 0 0 ) , ANGFT( 1 0 0 ) ,  
1 S ( 1 0 0 ) ,  T ( 1 0 0 ) ,  IB U F (1 0 2 4 )
INTEGER CONT, A L L /' CONT' / , D I S C /' DISC' / 1BOTH/1 BOTH' / ,
1 NONE/'NONE1/,V E L  
COMMON/SPEED/VEL( 2 0 )
CALL PLOTS(IBUF, 1 0 2 4 )
READ(5»8) CORR 
1 FORMAT ( 4 1 3 )
50  READ(5,4,END=60) VEL
4  FORMAT( 2 0 A4)
READ( 5 , 3 )  IN F , N, NSTEP, NRUN 
3 F0RM AT(15,313)
DO 2 0 J = 1 ,  N
READ( 5 , 8 )  FEARX,FEARY,SEARX,SEARY, FHIPX,FHIPY,SHIPX,
1 SHIPY, FKNEEX, FKNEEY, SKNEEX, SKNEEY, FANKX, FANKY, SANKX,
2 SANKY, FTOEX, FTOEY, STOEX, STOEY, FCRX, FCRY, SCRX, SCRY,
3 FCONX, FCONY, SCONX, SCONY 
8  FORMAT ( 4 F 1 0 .0 )
EARX(J) « (FEARX + S E A R X )/2 .0  *CORR
EARY(J) = (FEARY + SEAR Y)/2. 0  *CORR
H IPX (J)=(FH IPX +SH IPX )/2 . *CORR
H IP Y (J )* (FH IPX+SH IPY)/2. ♦CORR
KNEEX(J) = (FKNEEX + SKNEEX)/2.0 ♦CORR
KNEEY(J) = (FKNEEY + SKNEEY)/2.0 ♦CORR
ANKX(J) = (FANKX + SA N K X )/2.0 ♦CORR
ANKY(J) = (FANKY + SA N K Y )/2.0  ♦CORR
TOEX(J) = (FTOEX + ST O E X )/2 .0  ♦CORR
TOEY(J) = (FTOEY + ST O E Y )/2 .0  ♦CORR
CRESTX(J) = (FCRX + S C R X )/2 .0  ♦CORR
CRESTY( J ) = (FCRY + S C R Y )/2 .0  ♦CORR
CONTX(J) = (FCONX + SC O N X )/2.0  ♦CORR
CONTY(J) = (FCONY + S C 0 N Y )/2 .0  ♦CORR
ANGBOD( J )= ARCTAN( ( EARY( J ) -HIPY( J ) ) , ( E A R X (J )-H IP X (J )))  
ANGUL( J )= ARCTAN( (H I P I ( J ) -KNEEY( J ) ) , ( HIPX( J ) -KNEEX( J ) ) )  
ANGUL( J ) =ARCTAN( ( KNEEY( J ) - ANKY( J ) ) , (KNEEX(J)-ANKX(J)) )  
ANGFT( J)=ARCTAN( ( ANKY( J ) -TOEY( J ) ) , ( ANK X(J)-TO EX(J)))  
T(J)=H IPX (J)-C O N TX (J)
S(J)=CRESTX(J) -  CONTX(J)
I F  (.NOT. ( MOD ( J , 5 0  ) .EO. O .O R .J .E Q . l ) ) GO TO 21  
WRITE ( 6 , 1 2  ) NRUN 
WRITE ( 6 , 1 3  ) VEL 
WRITE ( 6 , 2 4  )
2 4  FORMAT ( 'O ’ , T 32 , 'CALCULATED BODY ANGLES (DEGREES)', 
1 T 101,'D IST A N C ES')
WRITE ( 6 , 2 5  )
2 5  FORMAT( 'O ' ,  'FRAME', T i l ,  'UPPER BODY', T 31 , 'UPPER
1 LEG', T 51 , 'LOWER LEG', T 73 , 'FOOT', T 83 , 'CONTACT TO
2 CREST', T 108 , 'CONTACT TO H IP ')
21  IFRAME=INF+(J-1) ♦NSTEP
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2 0  WRITE ( 6 , 2 6  ) IFRAME , ANGBOD ( J ) , ANGUL ( J ) ,  ANGLL
1 ( J ) ,  ANGFT(J), S ( J ) ,  T ( J )
2 6  FORMAT( 1 ’ , 1 5 , 6 X , 4 - ( F 7 . 2 ,1 2 X ) ,F 7 .3 , 1 2 X , F 7 . 3 )
DO 1 0  J = 1  , N
I F  (.NOT. ( MOD ( J , 5 0  ) .EQ. O .O R .J .E Q .I ) ) GO TO 11 
WRITE ( 6 , 1 2  ) NRUN
12  FORMAT (* 1 *, T 20 , 'RUNNER NUMBER = ' 1 2 )
WRITE ( 6 , 1 3  ) VEL
1 3  FORMAT ( ' ’ , T 2 0 ,  ' VELOCITY * , 20A4- )
WRITE ( 6 ,14- )
14- FORMAT ( ' o ' ,  T4-7, 'AVERAGED X-Y COORDINATES FROM INPUT
DATA')
WRITE ( 6 , 1 5  )
1 5  FORMAT ( ' o ' ,  'FRAME',T13, 'EAR ', T 31 , 'H I P ' ,  T4-6,
1 'KNEE', T 61 , 'ANKLE', T 78 , ’TOE', T 90 , 'ILLIAC CREST',
2 T 1 0 5 , 'CONTACT POINT')
11  IFRAME=INF+( J - l )* NSTEP
1 0  WRITE ( 6 , 1 6  ) IFRAME, EARX(J), EARY(J), H I P X (J ) , HIPY
1 ( J ) ,K N E E X (J ) , KNEEY( J ) , ANKX(J), ANKY(J), TOEX(J),
2  TOEY( J ) , CRESTX(J), CRESTY(J), CONTX(J), CONTY(J)
1 6  FORMAT ( ' ' ,  1 5 ,  14-F8.3 )
READ(5 ,4 -)  CONT
IF(C0NT. EQ. NONE) GO TO 6
IF(.NOT.(CONT. EQ. ALL. OR. CONT. EQ. BOTH)) GO TO 7 
CALL CPLOT (NRUN,N)





DO 5 I  = M,N,L
IFRAME = INF + ( I  - 1 )  *NSTEP
5 CALL DPLOT ( I ,  IF R A M E ,S(I) ,  N R U N ,T (I))




REAL P I /3 .1 4 - 1 5 9 3 /
ARCTAN=90.0
IF (A B S (X ) .L T .0 . 0 0 0 0 1 .  AND.Y.GT.O.O) RETURN 
ARCTAN=2 7 0 .0
I F (A B S (X ) .L T .0 . 0 0 0 0 1 . AND.Y.LT.0 . 0 )  RETURN 
A=ATAN2(Y,X)
IF (A .L T .O .O ) A=A+2.0*PI  




SUBROUTINE TO PLOT PICTURES AS ACTUAL TIME SEQUENCE 
REAL KNEEX,KNEEY
COMMON/XDATA/EARX( 1 0 0 ) ,H I P X (1 0 0 ) , KNEEX( 1 0 0 ) ,ANKX(1 0 0 ) ,  
1 TOEX(IOO), CRESTX( 1 0 0 ) , CONTX( 1 0 0 )
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COMMON/YDATA/EARY( 1 0 0 ) ,H I P Y (1 0 0 ) , KNEEY( 1 0 0 ) , ANKY( 1 0 0 ) ,
1 TOEY( 1 0 0 ) ,C R ESTY (100), CONTY(1 0 0 )
INTEGER VEL 
OOMMON/SPEED/VEL( 2 0 )
D IM E N SI0N X (4),Y (4) , YARRAY( 7 ) *  XARRAY( 7 )
C INITIALIZE PEN POSITION 1 INCH ABOVE BOTTOM 
CALL PLOT ( 0 . , - l l . , - 3 )
CALL PLOT ( o . , 1 . 0 , - 3 )
C: FIND LARGEST X AND Y CO-ORDS OF TOTAL DATA.
X ( 1 ) = 0 .0  
Y ( 1 ) = 0 .0  
X ( 2 j = 0 .0  
Y ( 2 ) = 0 .0  
DO 1 J= 1 ,N
X ( l )  = A M IN 1(E A R X (J),H IPX (J),K N E EX (J),A N K X (J),T0E X (J),  
X ( l )  )
X (2 )  = AM AX1(EAR X(J),H IPX(J),K NEEX(J),ANK X(J),T0EX(J),  
X (2 )  )
1 Y (2 )  = AM AX1(EARY(J),HIPY(J),KNEEY(J), ANK Y(J),TO EY(J), 
Y (2 )  )
WIDTH=FLOAT( N / 2 ) +FLO AT(M O D(N,2))/2 .0  
CALL SCALE (X,WIDTH, 2 , 1 )
CALL SCALE (Y , 7 . 0 ,  2 , 1  )
CALL AXIS ( 0 . 0 ,  0 . 0 ,  ’RUNNING DISTANCE’ , - 1 6 , WIDTH,0 . 0 ,  
1 X ( 3 ) , X ( 4 ) )
CALL AXIS ( 0 . 0 ,  0 . 0 ,  ’ VERTICAL DISPLACEMENT', 2 1 ,  7 . 0 ,
1 9 0 . 0 ,  Y (3 )  Y ( 4 ) )
CALL SYMBOL ( 1 . 0 ,  8 . 5 ,  . 1 4 ,  ’RUNNER1 , 0 . 0 ,  6 )
CALL WHERE (RXPAGE, RYPAGE, RFACT)
RUN=NRUN
CALL NUMBER (R X P A G E + .2 5 ,8 .5 , . 1 4 ,  RUN,0 . 0 , - 1 )
CALL SYMBOL ( 1 . 0 , 8 . 0 , . 1 4 , ’ VELOCITY = ’ , 0 . 0 , 1 0 )
CALL WHERE (RXPAGE, RYPAGE, RFACT)





C PLOT EACH SEPARATE PICTURE SHOWING ACTUAL
C POSITION EACH TIME OF RUNNER
DO 2 J = 1 ,N  
XARRAY( 1 )  = EARX(J)
YARRAY(l) = EARY(J)
XARRAY( 2 )  = H IPX (J)
YARRAY( 2 )  = H IPY(J)
XARRAY( 3 )  = KNEEX(J)
YARRAY(3) * KNEEY(J)
XARRAY( 4 )  = ANKX(J)
YARRAY( 4 )  = ANKY(J)
XARRAY(5) = TOEX(J)
YARRAY(5) = TOEY(J)
2 CALL LINE (XARRAY, YARRAY, 5 ,1 * 1 * 1  )
C ADVANCE TO NEW PLOT POSITION
CALL PLOT(V/IDTH+12.0 , 0 . 0 , - 3 )
RETURN
END




C0MM0N/XDATA/EARX(100),HIPX(100), KNEEX( 1 0 0 ) ,A N K X (100),
1  TOEX( 1 0 0 ) ,  CRESTX( 1 0 0 ) , CONTX( 1 0 0 )
COMMON/YDATA/EARY( 1 0 0 ) ,H I P Y (1 0 0 ) , KNEEY( 1 0 0 ) , ANKY( 1 0 0 ) ,
1 TOEY( 1 0 0 ) , CRESTY( 1 0 0 ) , CONTY( 1 0 0 )
INTEGER VEL 
COMMON/SPEED/VEL( 2 0 )
DIMENSION X (8 )  , Y (8 )
C INIT PLOT POSITION
CALL PLOT ( 0 . 0 , - 1 1 . 0 , - 3 )
CALL PLOT ( 0 . 0 ,  1 . 0 ,  - 3 )
X ( l )  .  EARX(J)
Y ( l )  = EARY(J)
X (2 )  = H IPX(J)
Y (2 )  = H IPY(J)
X (3 )  = KNEEX(J)
Y (3 ;  = KNEEY(J)
X (4 )  = ANKX(J)
Y (4 )  = ANKY(J)
X (5 )  = TOEX(J)
Y (5 )  = TOEY( J )
X (6 )  = 0 . 0  
Y (6 )  = 0 . 0
CALL SCALE (Y , 7 . 0 ,  6 ,  1 )
CALL SCALE (X , 5 . 0 ,  6 ,  1 )
X (6 }  = X (7 )
1 ( 6 )  = Y (7 )
X ( 7 )  = X (8 )
Y (7 )  = Y (8 )
CALL A X IS(0 .0 ,0 .0 ,16H R U N N IN G  DISTANCE,- 1 6 , 5 . 0 , 0 . 0 , X ( 7 ) , 
X ( 8 ) )
CALL AXIS (0 ,0 ,0 .0 ,21H V E R T IC A L  DISPLACEMENT,2 1 , 7 . 0 , 9 0 . 0 ,  
Y ( 7 ) , Y ( 8 )
CALL L I N E ( X , Y ,5 » l j l ? l )
C DRAW LINE PROM HIP TO X-AXIS
CALL PLOT ( ( X ( 2 ) - X ( 6 ) ) / X ( 7 ) , ( Y ( 2 ) - Y ( 6 ) ) / Y ( 7 ) , 3 )
CALL P L O T ( ( X ( 2 ) - X ( 6 ) ) / X ( 7 ) , 0 . 0 , 2 )
C PLOT CREST POINT AND CONTACT POINT
X ( l )  = CRESTX(J)
Y ( l )  = CRESTY( J )
X (2 )  = CONTX(J)
Y (2 )  = CONTY(J)
X (3 )= X (6 )
Y (3 )= Y (6 J
X (4 )= X (7 )
Y(4-)=Y (7)
CALL LINE(X, Y, 2 , 1 , - 1 , 4 )
C DRAW LINE PROM CREST TO X-AXIS
CALL P L 0 T ( ( X ( 1 ) - X ( 6 ) ) / X ( 7 ) , ( Y ( 1 ) - Y ( 6 ) ) / Y ( 7 ) , 3 )
CALL P L O T ( ( X ( l ) - X ( 6 ) ) / X ( 7 ) , 0 . 0 , 2 )
C DRAW LINE PROM CONTACT POINT TO X-AXIS
CALL P L 0 T ( ( X ( 2 ) - X ( 6 ) ) / X ( 7 ) , ( Y ( 2 ) - Y ( 6 ) ) / Y ( 7 ) , 3 )
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CALL PLOT ( ( X ( 2 ) - X ( 6 ) ) / X ( 7 ) , 0 . 0 , 2 )
C PLOT FRAME ID & DISTANCE FROM CREST TO CONTACT
CALL SYMBOL(l.0 , 8 . 7 , . 1 4 ,  ‘ FRAME NO = ' , O.O, 1 0 )
CALL WHERE(RXPAGE,RYPAGE,RFACT)
FM=IFM
CALL NUM BER(RXPAGE+.25,8.7,.14, F M ,0 . 0 , - 1 )
CALL WHERE (RXPAGE,RYPAGE,RFACT)
CALL SYMBOL( RXPAGE + . 5 , 8 . 7 , . 1 4 , ‘RUNNER’ , 0 . 0 , 6 )
CALL WHERE (RXPAGE,RYPAGE,RFACT)
RUN=NRUN
CALL NUM BER(RXPAGE+.25,8.7,.14, RUN,0 . 0 , - 1 )
CALL SYMBOL( 1 . 0 , 8 . 4 , . 1 4 ,  'CONTACT TO CREST DISTANCE® 
' , 0 . 0 , 2 7 )
CALL WHERE (RXPAGE,RYPAGE,RFACT)
CALL NUMBER (RXPAGE + . 2 5 , 8 . 4 , . 1 4 , S , 0 . 0 , 5 )
CALL SYMB0L(1.0 , 8 . 1 , . 1 4 , 'CONTACT TO HIP DISTANCE = 
' , 0 . 0 , 2 5 )
CALL WHERE (RXPAGE,RYPAGE,RFACT)
CALL NUMBER( R X P A G E + .2 5 ,8 .1 , . 1 4 ,T ,0 .0 ,3 )
CALL SYMBOL( 1 . 0 , 7 . 8 , . 1 4 , 'VELOCITY = ' , 0 . 0 , 1 0 )
CALL WHERE ('RXPAGE, RYPAGE, RFACT)
CALL SYMBOL( RXPAGE+. 2 5 , 7 . 8 , . 1 4 , VEL, 0 . 0 , 8 0 )
C ADVANCE TO NEW PLOT POSITION 
CALL P L 0 T (1 7 .0 ,  0 . 0 ,  - 5 )
RETURN
END
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TABLE V II
MEAN INTERVAL TIME RECORDED 
DURING TIME TRIALS 
( seconds)
(N-8)
S ub jec t 40-50
I n te r v a l s  ( 
50-60
in  y a rd s) 
60-70 0-100
Ge. 1.08 0 .95 1.10 10.14
Do. 1.05 0.98 0 .98 9.88
De. 1.08 1.06 1.33 11.35
A l. 1.08 1.12 1.12 11.06
B r. 1.08 1.03 1.07 10.68
Ke. 1.07 1.27 1.05 11.25
Pe. 0 .85 1.04 1.06 10.95
Ro. 0 .83 1.03 1.03 10.21
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TABLE V I I I
MAXIMUM AND SUBMAXIMUM VELOCITIES 
DETERMINED FROM TIME TRIALS 
AND FROM FILM MEASURES 
( f e e t  p e r second)
(N-8)
S u b jec t Maximum
V elo c ity
T r ia l  Film
In te rm e d ia te
V e lo c ity
T r ia l  Film
Slow est
V e lo c ity
T r ia l  Film
Ge. 31.6 29.2 20.1 26.4 10.5 12.1
Do. 31.6 33.3 20.1 24.2 10.5 10.5
De. 28.3 27.8 18.8 19.7 9 .4 12.2
A l. 27*9 28.9 18.6 21.5 9 .3 10.5
Br. 29.1 30.0 19.4 22.3 9-7 10.7
Ke. 28.6 28.3 1.9.0 21.6 9-5 10.9
? e . 35 .5 31.8 23.6 24.1 11.8 12.7
Ro. 36 .4 31.6 24.2 30.2 12.1 14.1
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TABLE IX
VELOCITY OP SPEED-PACER AT 
SUBMAXIMUM VELOCITIES 
( f e e t  p e r second) 
(N*8)
S ub jec t In te rm e d ia te  V e lo c ity  
Runner P acer
Slow est V e lo c ity  
Runner P acer
Ge. 26 .4 19.8 12.1 12.0
Do. 24.2 20 .4 10.5 9 .4
De. 19.7 18.2 12.2 8 .7
Al. 21 .5 18.6 10.5 10.0
B r. 22.3 20.2 10.7 9 .5
Xe. 21.6 20.0 10.9 10.6
Pe. 24.1 21.9 12.7 11.3
Ro. 30 .2 22.9 14.1 12.3














ANGLE OF THE UPPER BODY AT THREE VELOCITIES 
AND AT THREE CONTACTS 
(d e c ree s )
(N=8)
S u b jec t Maximum V e lo c ity
I n i t i a l  E f fe c t iv e  C.O.G.
In te rm e d ia te  V e lo c ity  
I n i t i a l  E f fe c t iv e  C.O.G.
Slow est V e lo c ity  
I n i t i a l  E f fe c t iv e  C.O.G.
Ge. 100.39 104.07 105.64 100.78 101.82 105.86 95.42 95.06 98.46
Do. 105.62 104.46 103.97 99.08 99.87 99.07 96.01 95.10 96.48
De. 98.24 100.50 102.16 87.97 89.78 91.09 94.40 93.18 96.35
A l. 97.59 99.49 101.35 96.28 98.01 100.71 92.53 92.93 75.79
Br. 96.05 97.39 104.77 97.41 98.11 102.59 98.82 96.29 98.39
Ke. 93.29 95.82 103.67 91.26 93 .85 93.46 87.87 88.51 89.93
Pe. 88.59 91.26 98.37 88.66 90.20 91.31 92.26 91.72













ANGLE OP THE UPPER LEG AT THREE VELOCITIES 
AND AT THREE CONTACTS 
(degrees)
(N=S)
„ , . . Maximum V e lo c ity  
su b je c t I n i t i a l  E f fe c tiv e  C.O.G.
In te rm e d ia te  V e lo c ity  
I n i t i a l  E f fe c tiv e  C.O.G.
Slow est V e lo c ity  
I n i t i a l  E f fe c t iv e  C.O.G,
Ge. 52.24 56.64 69.40 57.79 57.62 67.43 64.29 64.88 68.27
Do. 50.22 47 .74 72.15 53.51 59.34 69.36 69.59 65.05 71.57
De. 54.83 69.65 69.25 70.18 69.55 76.64 72.22 76.10 74.54
A l. 57.22 61.23 71.96 58.72 64.36 76.51 67.37 69.90 76.55
B r. 52.29 60.28 72.27 52.52 55.18 72.06 60.86 64.62 74.56
Ke. 69.73 59.35 76.25 61.94 61.09 76.17 67.O8 63.79 73.24
Pe. 56.83 71.60 56.13 62.77 77.36 65.07 54.79 67.24












ANGLE OP THE LOWER LEG AT THREE VELOCITIES 
AND AT THREE CONTACTS 
(deg rees)
(N=3)
S ub jec t Maximum V e lo c ity
I n i t i a l  E f fe c tiv e  C.O.G.
In te rm e d ia te  V e lo c ity  
I n i t i a l  E f fe c tiv e  C.O.G.
Slow est V e lo c ity  
I n i t i a l  E f fe c t iv e  C.O.G,
Ge. 83.16 90.74 118.57 78.52 90.00 124.22 81.73 90.19 115.91
Do. 88.33 88.61 117.39 77.77 90.26 114.54 78 .42 90.40 116.96
De. 33.04 89.53 115.75 74.05 89.82 113.53 86.53 90 .40 111.69
A l. 82.55 .9 0 .6 4 117.63 77.65 89.83 117.44 89.06 89.95 116.08
B r. 32.33 89.28 126.99 82.90 39 .94 129.24 84.13 89.88 119.56
Ke. 86.79 90.78 116.86 84.11 39.25 115.59 84.22 90 .64 118.33
Pe. 95-72 122.18 77.48 90.47 115.38 34.16 90.71 125.77
















ANGLE OP THE FOOT AT THREE VELOCITIES 
AND AT THREE CONTACTS
(d e c ree s )  ^
(N=8)
S u b jec t Maximum V e lo c ity
I n i t i a l  E f fe c t iv e  C.O.G.
In te rm e d ia te  V e lo c ity  
I n i t i a l  E f fe c tiv e  C.O.G.
Slow est V e lo c ity  
I n i t i a l  E f fe c t iv e  C.O.G.
Ge. 7.58 10.15 19.43 6 .32 12.14 28.89 10.11 11.95 18.95
Do, 14.75 15.80 16.96 17.70 19.93 23.54 352.74 10.93 17.61
De. 13.14 19.07 20.90 9.03 15.52 16.31 12.98 13.43 12.01
A l. 15.25 13.90 27.24 19.19 12.62 23.42 8.23 12.43 17.84
Br. 9.93 15.82 45.00 7.07 17.66 12.78 6.93 5.05 19.72
Ke. 15.34 13.51 25-75 14.65 16.43 27.37 3.55 16.75 24.07
Pe. 18.76 23.54 26.36 25.71 5.53 30.66 20.28 31.02
















HORIZONTAL DISTANCE PROM CONTACT TO TROCHANTER AT THREE VELOCITIES 
AND AT INITIAL AND EFFECTIVE CONTACT 
( in ch es)
(N=8)
S u b jec t Maximum Velocity-
I n i t i a l  E f fe c t iv e
In te rm e d ia te  Velocity- 
I n i t i a l  E f fe c tiv e
Slow est Velocity- 
I n i t i a l  E f fe c t iv e
Ge. 20.63 18.62 19.88 13.03 15.53 10.53
Do. 17.93 18.20 20.93 13.35 10.23 10.65
De. 15.05 9 .6 4 16.33 10.03 12.41 8.10
A l. 15.83 11.06 17.70 11.22 6.71 5.56
Br. 18.14 12.25 17.91 13*60 7 .6 5 10.69
Ke. 18.05 12.78 15.53 12.23 9 .53 10.60
Pe. 13.30 18.50 15.16 18.23 15.23
Ro.
•
















HORIZONTAL DISTANCE PROM CONTACT TO CREST AT THREE VELOCITIES 
AND AT INITIAL AND EFFECTIVE CONTACT 
(in c h e s)
(N-8)
S ub jec t Maximum V e lo c ity
I n i t i a l  E f fe c tiv e
In te rm e d ia te  V e lo c ity  
I n i t i a l  E f fe c tiv e
Slow est V e lo c ity  
I n i t i a l  E f fe c tiv e
Ge. 18.16 16.21 18.21 10.72 13.81 8.84
Do. 13.44 14.06 15.64 8 .45 7 .90 8.10
De. 13.19 7.92 14.36 8.81 11.68 6.92
A l. 13.60 8.81 15.27 8.93 4 .7 0 4 .05
B r. 17.20 12.44 10.35 12.39 6 .87 9.62
Ke. 15.7S 10.73 14.20 9.23 8 .33 9 .04
Pe. 12.73 17.24 13.94 16.03 13.79




TYPE OP INITIAL CONTACT 
AT THREE VELOCITIES 
(N»8)
•y
S ub jec t Maximum
V elo c ity
In te rm e d ia te
V e lo c ity
Slow est
V e lo c ity
Ge. b a l l b a l l b a l l
Do. b a l l b a l l h ee l
De. b a l l b a l l b a l l
A l. b a l l b a l l b a l l
B r. b a l l h e e l f l a t - f o o t
Ke. b a l l b a l l h e e l
Pe. b a l l b a l l b a l l
Ro. b a l l b a l l b a l l
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SUBJECT PROCEDURE FORM
I n s t r u c t io n s  Given to  S u b jec ts
1. You w i l l  run  fo u r  -  100 y a rd  s p r in t s .
2. You a re  asked to  run  as f a s t  as p o s s ib le  th roughou t th e  e n t i r e
100 y a rd  d is ta n c e .
3. Your tim e w i l l  be tak en  fo r  th e  100 y a rd s .
4. Ten m inu tes reco v ery  w i l l  be a l l o t t e d  between each ru n . I f  you
need more tim e to  r e s t  between ru n s , t h i s  w i l l  pose no problem , as you
may ta k e  as  long  a s  you l ik e .
5. B efore each ru n , you may warm up to  a le v e l  th a t  you co n s id e r 
adequate .
6. There w i l l  be two s t a r t i n g  l in e s  and two f i n i s h  l in e s .  The 
f i r s t  and th i r d  run  s h a l l  be made from s t a r t i n g  l in e  #1 and th e  second 
and fo u r th  run  s h a l l  be made from s t a r t i n g  l in e  ,f2.
7. A ru nn ing  approach s h a l l  be made b eg in n in g  5 y a rd s  from th e  
normal s t a r t i n g  l in e .
8. You w i l l  s t a r t  a t  th e  command 'g o ' ,  b u t you w i l l  be tim ed 
from th e  s t a r t i n g  l in e  a t  th e  f la s h  o f th e  p i s t o l .
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ANALYSIS OF VARIANCE
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TABLE XVII
ANALYSIS OP VARIANCE FOR ANGLE OP UPPER BODY
AT IN IT IA L  CONTACT
(N = 8 )
Source Sum o f  Squares DP Mean Square F -R a tio
Between
Groups 50.5302 2 25.2901 1.1605
W ithin
Groups 457.6433 21 21.7925
T o ta l 508.2234 23
No s ig n i f ic a n t  d if f e r e n c e s  Between means a t  each v e lo c i ty
TABLE XVIII
ANALYSIS OP VARIANCE FOR ANGLE OP UPPER LEG 
AT INITIAL CONTACT 
(N=8)
Source Sum o f Squares DP Mean Square F -R atio
Between
Groups 461.8738 2 230.9369 8.4113 ***
W ithin
Groups 576.5640 21 27.4554
T o ta l 1038.4377 23
*** S ig n i f ic a n t ly  d i f f e r e n t  a t  th e  .01 le v e l
S ig n if ic a n t  d if f e r e n c e s  u s in g  Newman K euls (cC = .O l): maximum v s . 
s low est v e lo c i ty
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TABLE XIX
ANALYSIS OP VARIANCE FOR THE ANGLE OF THE  LOWER LEG
AT IN IT IA L  CONTACT
(N-8)
Source Sum o f  Squares DP Mean Square F -R a tio
Between
Groups 227.5735 2 113.7867 7.8826 ***
W ithin
Groups 303.1337 21 14.4352
T o ta l 530.7122 23
*** S ig n i f ic a n t ly  d i f f e r e n t  a t  th e  .01 le v e l
S ig n i f ic a n t  d if f e r e n c e s  u s in g  Newman K euls (ot = .0 1 ): 
in te rm e d ia te  v e lo c i ty
maximum v s .
TABLE XX
ANALYSIS OP VARIANCE FOR THE ANGLE OP THE 
AT INITIAL CONTACT 
(N=8)
FOOT
Source Sum o f Squares DP Mean Square F -R a tio
Between
Groups 8683.1250 2 4341.5625 0.8902
W ithin
Groups 102417.0625 21 4877.0000
T o ta l 111100.1875 23
No s ig n i f ic a n t  d if f e r e n c e s  between means a t  each v e lo c i ty
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TABLE XXI
ANALYSIS OP VARIANCE FOR CONTACT TO CREST
AT INITIAL CONTACT
(N»8)
Source Sum o f Squares DP Mean Square F -R a tio
Between
Groups 116.5525 2 58.2762 5.4068 **
W ithin
Groups 226.3463 21 10.7784
T o ta l 342.8987 23
** S ig n i f ic a n t ly  d i f f e r e n t a t  th e  .05  le v e l
S ig n if ic a n t  d if f e r e n c e s  u s in g  Newman K euls (oL = .05): maximum v s .
s low est v e lo c i ty ;  in te rm e d ia te  v s . s low est v e lo c i ty
TABLE XXII
ANALYSIS OP VARIANCE FOR CONTACT TO HIP 
AT INITIAL CONTACT 
(N=8)
Source Sum o f Squares DP Mean Square F -R atio
Between
Groups 142.8609 2 71.4304 6.6182 ***
W ithin
Groups 226.6528 21 10.7930
T o ta l 369.5137 23
*** S ig n i f ic a n t ly  d i f f e r e n t  a t  th e  .01 le v e l
S ig n if ic a n t  d if f e r e n c e s  u s in g  Newman K euls (< *= .01): maximum v s .
slow est v e lo c i ty ;  in te rm e d ia te  v s . s low est v e lo c i ty
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TABLE X X III
ANALYSIS OP VARIANCE FOR ANGLE OP BODY LEAN
AT EFFECTIVE CONTACT
( N - 8 )
Source Sum o f Squares DF Mean Square F -R a tio
Between
Groups 129.7598 2 64.8799 5.1255 **
W ithin
Groups 227.8474 18 12.6582
T o ta l 357.6072 20
** S ig n i f ic a n t ly  d i f f e r e n t  a t  th e  .05  le v e l
S ig n if ic a n t  d if f e r e n c e s  u s in g  Newman K euls (o t= .0 5 ) :  maximum v s .
slow est v e lo c i ty ;  in te rm e d ia te  v s . s low est v e lo c i ty
TABLE XXIV
ANALYSIS OF VARIANCE FOR ANGLE OF UPPER LEG 
AT EFFECTIVE CONTACT 
(N-8)
Source Sum o f Squares DF Mean Square F -R a tio
Between
Groups 224.5052 2 112.2526 4.0097 **
W ithin
Groups 503.9124 18 27.9951
T o ta l 728.4175 20
** S ig n i f ic a n t ly  d i f f e r e n t  a t  th e  .05  le v e l
S ig n if ic a n t  d if f e r e n c e s  u s in g  Newman K euls (o t= .0 5 ) :  maximum v s .
slow est v e lo c i ty
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TABLE XXV
ANALYSIS OP VARIANCE FOR THE ANGLE OP'THE FOOT
AT EFFECTIVE CONTACT
(N-7)
Source Sum o f Squares DF Mean Square F -R a tio
Between
Groups 48.3365 2 24.1683 1.8593
W ithin
Groups 233.9772 18 12.9987
T o ta l 282.3137 20
No s ig n i f ic a n t  d if f e r e n c e s between means a t  each v e lo c i ty
TABLE XXVI
ANALYSIS OF VARIANCE FOR 
AT EFFECTIVE
(N»7)
CONTACT TO CREST 
CONTACT
Source Sum o f Squares DF Mean Square F -R a tio
Between
Groups 42.4443 2 21.2222 3.0326
W ithin
Groups 125.9657 18 6.9981
T o ta l 168.4100 20
No s ig n i f ic a n t  d if f e r e n c e  between means f o r  each v e lo c i ty
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TABLE XXVII
ANALYSIS OP VARIANCE FOR CONTACT TO HIP
AT EFFECTIVE CONTACT
(N-7)
Source Sum o f  Squares DF Mean Square F -R a tio
Between
Groups 55*2059 2 27.6029 3.7295 **
W ithin
Groups 133.2239 18 7.4013
T o ta l 188.4298 20
** S ig n i f ic a n t ly  d i f f e r e n t  a t  th e  .05  le v e l
S ig n if ic a n t  d if f e r e n c e s  u s in g  th e  Newman K euls (c( = .0 5 ): maximum v s . 
s low est v e lo c i ty
TABLE XXVIII 
ANALYSIS OF VARIANCE FOR ANGLE OF BODY LEAN
AT CENTER OF GRAVITY 
(N-8)
CONTACT
Source Sum o f Squares DF Mean Square F -R a tio
Between
Groups 289.6343 2 144.8171 3.4652 **
V lithin
Groups 877*6335 21 41.7921
T o ta l 1167.2678 23
** S ig n i f ic a n t ly  d i f f e r e n t  a t  th e  .05  le v e l
S ig n if ic a n t  d if f e r e n c e s  u s in g  Newman K euls (c£ = .0 5 ): maximum v s .
s low est v e lo c i ty
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TABLE XXIX
ANALYSIS OP VARIANCE FOR ANGLE OP UPPER LEG
AT CENTER OP GRAVITY CONTACT
(N-8)
Source Sum o f  Squares DP Mean Square F -R atio
Between
Groups 10.5478 2 5.2739 0.5052
W ithin
Groups 219.2408 21 10.4400
T o ta l 229.7886 23
No s ig n i f ic a n t  d if f e r e n c e  between means a t  each v e lo c i ty
TABLE XXX
ANALYSIS OP VARIANCE FOR ANGLE OP LOWER LEG
AT CENTER 0? GRAVITY CONTACT 
(N-8)
Source Sum o f Squares DP Mean Square F -R atio
Between
Groups 15.8933 2 7.9467 0.3847
W ithin
Groups 433.7678 21 20.6556
T o ta l 449.6611 23
No s ig n i f ic a n t  d if f e r e n c e  between means a t  each v e lo c i ty
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TABLE XXXI
ANALYSIS OF VARIANCE FOR ANGLE OF THE FOOT 
AT CENTER OF GRAVITY CONTACT 
(N-8)
Source Sum o f Squares DF Mean Square F -R a tio
Between
Groups 159.2915 2 79.6458 1.4246
W ithin
Groups 1174.0374 21 55.9065
T o ta l 1333.3239 23
No s ig n i f ic a n t  d if f e re n c e  "between means a t  each v e lo c i ty
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St. Colwban*a Boy* a School (Cornwall)
Secondary Education* Cornwall Collegiate and Vocational Institute
Universityt Entered Mottastor University and received Strathcona 
trust Fund on entrance
Graduated from MeHaster University in 1970 with a 
Bachelor of Arts in Sociology and a Bachelor of 
Physical Education
Attended the University of Windsor in Graduate studies 
in the Faculty of Physical and Health Education fro® 
June.1970 to September, 1971
Buring the Graduate Program at Windsor* received 
assistanships in following areas*
1) H ecrea tion
2) Bioaechariics and Audio-Visual Aids
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